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Abstract of Dissertation
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By
Laura A. Anderson
Doctor of Philosophy in Chemistry
Washington University in St. Louis
August 2010
Professor Kevin D. Moeller, Chairperson

Cyclization reactions are a significant pursuit in organic synthesis. Unfortunately, many
cyclization reactions are either reductive in nature or redox neutral. This can force postcyclization manipulations to add functional groups and continue the total synthesis.
These additional reactions create excess waste and decrease the efficiency of a synthetic
scheme. In these cases, it would be nice to do the cyclization in an oxidative fashion.
Oxidative cyclizations have been performed, but are currently limited in nature and
scope. One way to address this issue is with the use of organic electrochemistry.
Electrochemistry appears to be an ideal choice for initiating oxidative cyclizations
because it offers an opportunity to make complex ring skeletons in a one-pot reaction
using mild conditions that tolerate a variety of functional groups without the use of a
chemical oxidant. With this said, the energy source used to power the electrolysis
reaction can be a major drawback to the use of electrochemistry, especially if one
considers the sustainability of the process. This thesis work looked at two problems in
this area. In the first, we attempted to study tandem oxidative cyclizations by
electrochemistry. Three different synthetic routes were taken to produce the substrate
needed for the electrolysis reaction. In the end, the studies showed that tandem anodic
ii

cyclization reactions do not provide a general strategy to complex products. Second, we
examined the use of a solar panel as an alternate energy source to power organic
electrolyses. A number of olefin coupling reactions and amide oxidations were studied
using the solar panel. Differences in how the electron transfer reaction occurred,
chemoselectivity, and current efficiency were examined.

iii

Acknowledgements

First, I would like to thank my advisor, Dr. Kevin Moeller. He taught me a great
deal about how to think about chemistry and challenged me about the views of green
chemistry. I appreciate his patience during difficult times and great insights to life.
I would like to thank my committee, Dr. Vladimir Birman and Dr. John Taylor for
their time and suggestions, especially Dr. Taylor for stepping in after Dr. Wooley left. I
appreciate my other committee members, Dr. John Bleeke, Dr. Garland Marshall and Dr.
Pratim Biswas, for serving as my thesis committee and reading a draft of my thesis.
I wish to express my gratitude to Dr. Ed Hiss, Ms. Norma Taylor, and Ms.
Barbara Tessmer and the other members of the Chemistry Department staff. I would
especially like to thank Mr. Greg Noelken and Mr. Jason Crowe for their assistance with
computers. I’d like to thank Dr. Andre d’Avingnon and Dr. Jeff Kao for their help with
NMR spectroscopy, especially to Andre for the use of his solar panel for my second
project. Financial support was provided by Harris Fellowship and NSF CHE-0809142.
To the Moeller group members, I appreciate the time working alongside you. I
would like to thank Alison, Guoxi, and Haichao for the use of their compounds to use on
the solar panel. To Brad for the initial help in lab and the project and to Honghui for his
continued assistance and advice. To Melissae, Sarah, Jen, and Megan for lunches
together, support and vent sessions.
I would personally like to thank the Bartels’ for their friendship. To Sarah and
Stacy for their friendship through the doorway. I would like to thank Phil for his support
when the reactions failed. I enjoyed all the times I had with all the friends I made here.
To my mom and family, the support I received cannot be adequately expressed in words.

iv

Table of Contents

Page
Abstract of the dissertation

ii

Acknowledgements

iv

Table of Contents

v

List of Schemes

vii

List of Figures

x

Glossary of abbreviations and symbols used in the dissertation

xv

Chapter 1: Introduction
Overview

1

Concepts of Electrochemistry

7

Background of the tandem oxidative cyclizations

13

Alkynes as olefin coupling partners

15

Sustainable potential in electrochemistry

18

References

20

Chapter 2.: Kolbe electrolysis and Double Michael reaction approach
Introduction

22

Retro-Synthetic Analysis

23

The Kolbe approach

24

The Double Michael reaction approach

25

Kolbe electrolysis substrate synthesis

26

Double Michael route substrate synthesis

29

v

Appendix 1: NMRs of the electrolysis of compound 2.22

43

References

45

General Procedures and Information

46

Experimental

47

Chapter 3.: Model system containing gem-methyls
Overview

81

Starting material synthesis

83

Electrolysis substrate synthesis

86

References

97

Experimental

98

Chapter 4: Solar power as an alternate energy source
Overview

151

Portable Solar panel

153

Concerns about using the solar panel

156

Reactions using the solar panel

157

Conclusion

168

References

170

Experimental

172

Chapter 5: Conclusions and Future Work
Tandem Oxidative Cyclization

184

A solar panel as an alternative energy source

187

Future Work

188

References

193

vi

List of Schemes
Scheme

Page

1.1

Mechanism of an olefin coupling reaction

2

1.2

Sha's synthesis of (+)-Paniculatine

5

1.3

Proposed electrochemical route to the Paniculatine ring skeleton

6

1.4

Competition between cyclization and methanol trapping

11

1.5

Proposed mechanism of the oxidative tandem cyclization leading to
the Dankasterone core

14

1.6

Initial investigation of trapping radical cations with alkynes

15

1.7

Cyclization of the gem-substituted cyclization substrates

16

1.8

Brad's synthesis of his model system electrolysis substrate

17

1.9

Cyclization of the model system

18

2.1

Brad's synthesis of his model system electrolysis substrate

22

2.2

Retro-synthetic anaylsis of the attachment of the A ring to the cyclic
core

23

2.3

Retro-synthetic analysis of the BCD ring core of Dankasterone by a
radical initiated cyclization

24

2.4

Retro-synthetic analysis of the BCD ring core of Dankasterone by a
radical cation initiated cyclization

25

2.5

Proposed stepwise cyclization approach to the BCD ring core using an
allyl silane beta chain. In this case initiated by the radical cation
approach.

26

2.6

Syntheis and electrolysis of the Kolbe oxidation substrate

27

2.7

Kolbe oxidation mechanism with an allyl silane

27

2.8

Synthesis of exo-cyclic methylene using a methyl cuprate

30

2.9

Elimination of the amine by cuprate addition

31

vii

2.10
2.11

Attempts of substrate synthesis with beta chains usable for the
cyclization
Synthesis of the electrolysis substrate using butene as the relay

33

2.12

Electrolysis of butene substrate

34

2.13

Determining if Ethyl vinyl ether would form a cuprate

35

2.14

Synthesis and electrolysis of vinyl silane and butene side chains

36

2.15

Synthesis of 5-iodopent-2-yne

37

2.16

Synthesis of the electrolysis substrate 2.22

38

2.17

Mechanism of a 5-exo type cyclization

39

2.18

Attempt of the Michael reaction using the anion 2.24

40

2.19

Synthesis and electrolysis of 2.26

40

3.1

Previous synthetic routes producing a silyl enol ether for the
electrolysis

81

3.2

Diversifying the model system substrate

81

3.3

Observations leading to changes in the substrate synthesis

83

3.4

Enone synthesis by a Saegusa oxidation
and alpha bromination-elimination sequences

84

3.5

Synthesis of 5-iodopetn-2-yne via mesylation-substitution route

86

3.6

Michael reaction of the alkyne side chain onto the
substituted enone

87

3.7

Changing alkylation conditions to avoid dialkylation

87

3.8

Alkylation of the alpha side chain capable of a 6-endo cyclization

89

3.9

Substrate synthesis and electrolysis result of the alkyne relay and 6endo second cyclization

90

3.10

Synthesis of electrolysis substrate able to do 5-exo second cyclization

92

3.11

Electrolysis of the alkyne relay and 5-exo second cyclization substrate

92

viii

32

3.12

Synthesis of the tri-substituted olefin relay substrate

94

3.13

94

3.14

Possible steric hindrance between the relay alkyl group and the gemmethyl substituents
Synthesis and electrolysis of the cis-olefin relay substrate

95

4.1

Electrolysis of a bis-enol ether substrate to form a C-C bond

159

4.2

Electrolysis using an amine trapping group to form a
carbon-heteroatom bond

160

4.3

Electrolysis to form a C-glycoside derivative

161

4.4

Amide oxidation of tBoc-protected L-proline methyl ester

163

4.5

Amide oxidation of tBoc-pyrrolidine

164

4.6

Illustration of Curtin-Hammett control electrolysis reaction.
Determining chemoselectivity of the reaction using the solar panel

166

5.1

Brad’s substrate cyclized to a small extent, but was difficult to
synthesize

186

5.2

The Kolbe electrolysis substrate was unstable and spontaneously
decarboxylated

186

5.3

The double Michael reaction route resulted in hydrolysis
of the silyl enol ether

186

5.4

The electrolysis substrate with the gem-methyls resulted in
elimination from the radical cation

186

5.5

Paniculatine substrate in anodic oxidation cyclization

187

5.6

Catalytic Wacker oxidation by electrochemistry

190

5.7

Deprotection of PMB alcohols by direct oxidation

190

5.8

Vit B12 catalyzed conjugative 1,4-additions by Scheffold

191

5.9

C-H halogenation using electrochemistry by Kakiuchi

192

ix

List of Figures
Figure

Page

1.1

Pictures of the electrochemical setup

8

1.2

Solar panel electrolysis setup

9

1.3

Illustration of the electrode double layer

11

1.4

Structure of the natural product Dankasterone

13

2.1

28

2.2

NMR of the crude reaction mixture of 2.9 and decarboxylated
ketone
NMR of the electrolysis substrate 2.22

43

2.3

NMR of the hydrolyzed ketone

43

2.4

Example of Polymerization

44

2.5

Unknown material isolated from the electrolysis

44

2.6

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2-Oxo-666
(5-trimethylsilanyl-pent-3-enyl)-cyclohexanecarboxylic acid 2.9

2.7

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 3-(5Trimethylsilanyl-pent-3-enyl)-cyclohexanone

67

2.8

1

H NMR (CDCl3, 300 MHz) of tentatively assigned trimethyl(3-methyl-cyclohex-1-enyloxy)-silane with benzaldehyde
internal standard

68

2.9

1

H NMR (CDCl3, 300 MHz) of tentatively assigned Trimethyl[3-methyl-2-(2-methyl-allyl)-cyclohex-1-enyloxy]-silane 2.12

69

2.10

1

H NMR (CDCl3, 300 MHz) of tentatively assigned (3-But-3enyl-cyclohex-1-enyloxy)-trimethyl-silane 2.15 with
benzaldehyde internal standard

70

2.11

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 3-But-3enyl-2-methylene-cyclohexanone 2.16 with benzaldehyde
internal standard

71

2.12

1

72

H NMR (CDCl3, 300 MHz) of tentatively assigned [3-But-3enyl-2-(2-methyl-allyl)-cyclohex-1-enyloxy]-trimethyl-silane
2.18 with benzaldehyde internal standard
x

2.13

1

H NMR (CDCl3, 300 MHz) of an example of isolated material
from the electrolysis of 2.18

73

2.14

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 3-But-3enyl-2-(2-trimethylsilanyl-allyl)-1-trimethylsilanyloxycyclohexene 2.20

74

2.15

1

H NMR (CDCl3, 300 MHz) of tentatively assigned trimethyl(3-pent-3-ynyl-cyclohex-1-enyloxy)-silane with benzaldehyde
internal standard

75

2.16

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2Methylene-3-pent-3-ynyl-cyclohexanone 2.23

76

2.17

1

H NMR (CDCl3, 300 MHz) of tentatively assigned Trimethyl[2-(2-methyl-allyl)-3-pent-3-ynyl-cyclohex-1-enyloxy]-silane
2.22

77

2.18

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2-(2Methyl-allyl)-3-pent-3-ynyl-cyclohexanone

78

2.19

1

H NMR (CDCl3, 300 MHz) of tentatively assigned (2-(transBut-2-enyl)-3-pent-3-ynyl-cyclohex-1-enyloxy)-trimethylsilane 2.26 with benzaldehyde internal standard

79

2.20

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2-transBut-2-enyl-3-pent-3-ynyl-cyclohexanone (has 2,6-lutidine as a
major component)

80

3.1

NMR of isolated material from the electrolysis assigned as the
internal enone

91

3.2

NMR of a mixture of starting material ketal and product
resulting in elimination exo to the ring

93

3.3

1

H NMR (CDCl3, 300 MHz) of isolated 2,2-Dibromo-5,5dimethyl-cyclopentanone

121

3.4

1

H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-4-pent-3-ynylcyclopentanone 3.13

122

3.5

13

123

C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-4-pent-3-ynylcyclopentanone 3.13

xi

3.6

1

H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-5-(2-methylallyl)-4-pent-3-ynyl-cyclopentanone 3.10

124

3.7

13

C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-5-(2-methylallyl)-4-pent-3-ynyl-cyclopentanone 3.10

125

3.8

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 5,5Dimethyl-2,2-bis-(2-methyl-allyl)-3-pent-3-ynylcyclopentanone

126

3.9

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2-Methoxy- 127
3,3-dimethyl-1-(2-methyl-allyl)-5-pent-3-ynyl-cyclopentene
3.11

3.10

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 5,5Dimethyl-2-(2-methyl-allyl)-3-pent-3-ynyl-cyclopent-2-enone

128

3.11

1

H NMR (CDCl3, 600 MHz) of 2,2-Dimethyl-5-(3-methyl-but2-enyl)-4-pent-3-ynyl-cyclopentanone 3.18

129

3.12

13

C NMR (CDCl3, 125 MHz) of 2,2-Dimethyl-5-(3-methyl-but2-enyl)-4-pent-3-ynyl-cyclopentanone 3.18

130

3.13

1

H NMR (CDCl3, 300 MHz) of 5,5-Dimethyl-2,2-bis-(3methyl-but-2-enyl)-3-pent-3-ynyl-cyclopentanone

131

3.14

13

C NMR (CDCl3, 75 MHz) of 5,5-Dimethyl-2,2-bis-(3-methylbut-2-enyl)-3-pent-3-ynyl-cyclopentanone

132

3.15

1

H NMR (CDCl3, 300 MHz) of 2-Methoxy-3,3-dimethyl-1-(3methyl-but-2-enyl)-5-pent-3-ynyl-cyclopentene 3.14

133

3.16

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2,2Dimethoxy-1,1-dimethyl-3-(3-methyl-but-2-enylidene)-4-pent3-ynyl-cyclopentane

134

3.17

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 5,5Dimethyl-2-(3-methyl-but-2-enyl)-3-pent-3-ynyl-cyclopent-2enone

135

3.18

1

H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-4-(4-methyl-pent3-enyl)-cyclopentanone 3.15

136

3.19

13

137

C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-4-(4-methyl-pent3-enyl)-cyclopentanone 3.15

xii

3.20

1

H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-5-(3-methyl-but2-enyl)-4-(4-methyl-pent-3-enyl)-cyclopentanone

138

3.21

13

C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-5-(3-methyl-but2-enyl)-4-(4-methyl-pent-3-enyl)-cyclopentanone

139

3.22

1

H NMR (CDCl3, 300 MHz) of 5,5-Dimethyl-2,2-bis-(3methyl-but-2-enyl)-3-(4-methyl-pent-3-enyl)-cyclopentanone

140

3.23

13

C NMR (CDCl3, 75 MHz) of 5,5-Dimethyl-2,2-bis-(3-methylbut-2-enyl)-3-(4-methyl-pent-3-enyl)-cyclopentanone

141

3.24

1

H NMR (CDCl3, 300 MHz) of the tentatively assigned crude
electrolysis of 3.16 reaction product mixture

142

3.25

1

H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-4-pent-3-enylcyclopentanone

143

3.26

13

C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-4-pent-3-enylcyclopentanone

144

3.27

1

H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-5-(3-methyl-but2-enyl)-4-pent-3-enyl-cyclopentanone 3.19

145

3.28

13

C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-5-(3-methyl-but2-enyl)-4-pent-3-enyl-cyclopentanone 3.19

146

3.29

1

H NMR (CDCl3, 300 MHz) of 5,5-Dimethyl-2,2-bis-(3methyl-but-2-enyl)-3-pent-3-enyl-cyclopentanone

147

3.30

13

148

3.31

1

H NMR (CDCl3, 300 MHz) of tentatively assigned 2,2149
Dimethoxy-1,1-dimethyl-3-(3-methyl-but-2-enylidene)-4-pent3-enyl-cyclopentane as a mixture with the starting material ketal

3.32

1

H NMR (CDCl3, 300 MHz) of the impure material tentatively
assigned as 5,5-Dimethyl-2-(3-methyl-but-2-enyl)-3-pent-3enyl-cyclopent-2-enone (minor component in the ketal form)

150

4.1

Picture of the solar panel electrolysis setup

154

4.2

Schematic of the solar panel setup

155

C (CDCl3, 75 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2enyl)-3-pent-3-enyl-cyclopentanone

xiii

4.3

1

H NMR (CDCl3, 300 MHz) of 1,2-Bis-dimethoxymethylcyclohexane

179

4.4

1

H NMR (CDCl3, 300 MHz) of 2-(Methoxy-methylsulfanylmethyl)-1-(toluene-4-sulfonyl)-pyrrolidine

180

4.5

1

H NMR (CDCl3, 300 MHz) of 2-Dimethoxymethyl-3,4dimethoxy-5-methoxymethyl-tetrahydro-furan 4.4

181

4.6

1

182

4.7

H NMR (CDCl3, 300 MHz) of 5-Methoxy-N-Boc-L-proline
methyl ester
1
H NMR (CDCl3, 300 MHz) of 2-Methoxy-N-Boc-pyrrolidine
4.8 as a 3:1 mixture with starting material 4.7.

xiv

183

Glossary of abbreviations and symbols used in the dissertation
A

Amperes

Å

angstroms (1x10-10 meters)

AIBN

2,2′-Azobis(2-methylpropionitrile)

b

broad peak (NMR or FTIR)

CO2

carbon dioxide

CH2Cl2

dichloromethane

C

Celsius

cm-1

wave number (IR)

°

degrees

d

doublet (NMR)

dd

doublet of doublets (NMR)

ddd

doublet of doublets of doublets (NMR)

δ

chemical shift in ppm (NMR)

DMSO

dimethyl sulfoxide

DMF

dimethylformamide

EI

electronic ionization

equiv

molar equivalents

Et

Ethyl

Et2O

diethyl ether

EtOAc

ethyl acetate

Et4NOTs

tetraethylammonium tosylate

F

Faraday

xv

g

grams

h

hours

hexs

hexanes (mixture of isomers)

HMDS

hexamethyldisilazane

Hz

Hertz, cycles per second

IR

infrared spectroscopy

J

coupling constant in Hz (NMR)

LDA

lithium diisopropylamine

LHMDS

lithium hexamethyldisilazide

LiClO4

lithium perchlorate

M

multiplet (NMR)

M+

molecular ion (MS)

mA

milliamperes

Me

methyl

MeOH

methanol

mg

milligrams

MHz

megahertz, 106 cycles per second

min

minutes

mL

milliliters

MS

mass spectrometry

NaHMDS

sodium hexamethyldisilazide

nBuLi

n-butyllithium

NMR

nuclear magnetic resonance

xvi

p

pentet (NMR)

Pt

platinum

ppm

parts per million

pTsOH

p-toluenesulphonic acid monohydrate

RVC

reticulated vitreous carbon

s

singlet (NMR)

t

triplet (NMR)

TBSCl

t-butyldimethylsiyl chloride

TBSOTf

t-butyldimethylsilyl trifluromethanesulfonate

tBuLi

t-butyllithium

THF

tetrahydrofuran

TMS

trimethylsilyl
tetramethylsilane (NMR)

TMSBr

bromotrimethylsilane

TMSCl

chlorotrimethylsilane

TMSOTf

trimethylsilyl trifluromethanesulfonate

xvii

Chapter 1: Introduction
Overview
From an environmental standpoint, organic synthesis is not a sustainable activity.
Synthetic schemes typically involve multiple transformations, each with its own workup
step, purification, and associated byproducts. Also, there is never a fully quantitative
reaction, so a loss of material is inevitable. To lessen this impact, successful total
syntheses minimize the number of protecting group transformations, afford high percent
yields, build the greatest complexity into every reaction, and use catalysts to help
minimize waste products. However, even with the development of new catalysts, the
minimization of waste production often is not a large factor in the consideration of
success for a synthetic scheme. This can be seen when a reaction or process is scaled up
to an industrial level. Successful academic or small-scale reaction schemes that have
novel chemistry or an efficient reaction are often not chosen by process chemists because
of waste production, purification steps, or multiple manipulations of oxidation states, a
major cause of waste. Thus, for any synthesis to be truly successful, it needs to be short
and efficient, involve a minimal use of protecting groups, have few purification steps, and
produce minimal waste. The best mode to eliminate waste production is by not forming it
in the first place; this is achieved by reducing the number of steps in a total synthesis and
using reagentless methods.
Synthetic schemes often focus on the pursuit of ring systems. Ring systems
typically hold functional groups in the three-dimensional arrangements recognized by
biological receptors. Thus, natural product synthesis devotes a significant amount of
effort to the construction of cyclic systems. New methodology for this purpose is
constantly being developed. One such method is an electrochemical process involving

1

Scheme 1.1: Mechanism of an olefin coupling reaction
OR

.+

oxidation
( )n

( )n

Nuc-H

the use of an anodic oxidation to

OR

generate a radical cation from an
electron-rich olefin.1 The radical cation

Nuc-H

can be trapped by another nucleophile,
OR
( )n

OR

OMe
Nuc

MeOH, -H+

either intermolecularly or

.

oxidation
( )n

intramolecularly as seen in Scheme 1.1.

+
Nuc H

When the trapping group is an olefin within the same molecule, a carbon-carbon bond is
formed, and the reactions are effectively oxidative radical cyclizations. The overall
reaction is an umpolung reaction forming an electrophile from the electron-rich olefin.
Without the electrochemical oxidation, such transformations are not possible. As
discussed later, this can force significantly longer alternative routes to a molecule.
From a synthetic standpoint, the oxidative cyclizations are of interest because
most radical-initiated cyclization reactions are either reductive or redox neutral.2-6
Tributyltin hydride is most often used as the radical initiator in cyclizations such as
illustrated in Equation 1.3,4 The X group in the equation is usually a halide atom that is
removed by the tin radical, leaving an alkyl radical that cyclizes onto the olefin in a 5-exo
fashion. The reactions are terminated by abstraction of a hydride from tributyltin hydride
forming a terminal alkyl group and a tin radical to
X

Reduction
(1)

initiate another reaction. This reaction transforms a

Y
X

Redox neutral

halogen into a hydrogen, thus being a reduction in

(2)

overall functionality. The terminating step can be
O

O

H

Oxidation MeO

MeO

(3)
O

O

manipulated so that the overall reaction is redox
neutral as in Equation 2. These reactions can

2

involve atom-transfer reactions that often use catalytic Bu3SnSnBu3 as a radical initiator,5
persistent radical reactions,6 or oxidative workups of tributyltin hydride reactions. The
overall transformation is to move X to the Y position, or have another terminating group,
Y, that has the same oxidation state as X. Both strategies shown in equations 1 and 2
have been extended to tandem cyclizations to form multiple rings. Other reductive
cyclizations have been conducted using the radical anion of a carbonyl derivative formed
by SmI2 to do a conjugative addition to an α-β unsaturated carbonyl derivative. Again,
these are restricted in the type of substrates that can be used.7 More exotic systems can
undergo reductive or neutral cyclizations using cobalt VB12 crown complexes8 with
aromatic rings and titanocene complexes9 using epoxides and conjugated carbonyls.
Cyclizations that are net oxidative (Equation 3) have been performed using
Manganese(III)-based one-electron oxidants.10 The reactions involve a Mn-enolate
derived from the initial substrate. The main drawbacks for these reactions are the
necessary utilization of β-keto esters or benzylic substrates to increase the acidity of the
alpha proton, the use of stoichiometric Mn(II), the need for a stoichiometric co-oxidant to
make the final product, the use of acetic acid or protic solvents, and the limited number of
functional groups that tolerate the reaction conditions. Other oxidative radical-type
cyclizations starting from silyl enol ethers have been initiated with cerric ammonium
nitrate; however, these are limited to the use of styrene derivatives and aromatic
substrates.11 DDQ has been shown to perform oxidative cyclizations, though these
reactions are also limited to the use of benzylic sites of oxidation.12
All of these chemical oxidations have major drawbacks. All involve
stoichiometric metals that become part of the waste stream. In the case of the Mn(OAc)3
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oxidant, the regiochemistry of the terminating step is reliant on an equivalent of
copper(II) acetate as a co-oxidant, leading to an olefin at the terminal end.10 This
situation requires further manipulations of the product if an oxygen-based functional
group is needed at the terminal position. Thus, state of the art oxidative cyclizations
generate a significant amount of potentially toxic metallic waste and often require further
post-cyclization manipulations to have a handle for carrying the product forward to a
desired final target; greatly increasing the number of steps performed in the overall total
synthesis. Another major restriction is that the reactions are limited by the oxidation
potential of the starting material. To examine a large array of reactions with different
oxidation potentials, multiple chemical oxidants are needed. Even with these limitations,
these oxidative methods has been used in several total syntheses.13
The success of these cyclizations suggests that it would be useful to develop a
general method that circumvents the problems associated with the use of chemical
oxidants. An electrochemical approach appears ideal for this effort. Electrochemistry
avoids the need for a chemical reagent and the generation of the associated stoichiometric
waste product, enables the use of neutral conditions, and is compatible with substrates
having a wide variety of oxidation potentials. In spite of this potential,14 electrochemical
reactions have not been fully recognized as a general method available to synthetic
chemists.
To understand the potential for the electrochemical approach, Sha’s total
synthesis of Paniculatine15 can be compared to a proposed electrochemical route. Sha’s
synthesis took advantage of a tandem radical cyclization that was overall reductive
(Scheme 1.2). To form the substrate for the radical cyclization, an oxidation of the silyl
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enol ether 1.1 was needed in order to install a halogen at the alpha position of the ketone.
This halogen was used to initiate the radical cyclization with tributyltin hydride and
AIBN. After the reductive tandem cyclization, further manipulations were needed change
the oxidation state of the product to a point where the synthesis could be completed. To
this end, the silyl group from the terminal vinyl silane coupling partner had to be oxidized
using Taber conditions to install an alcohol,16 which was used to add the amine group.
Scheme 1.2: Sha's synthesis of (+)-Paniculatine
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While the tandem cyclization did form most of the complexity of the molecule in one
reaction, it used a toxic metal in doing so and the majority of the remaining steps were to
manipulate the oxidation state of the carbons in order to add the final atoms of the
molecule. The net transformation from 1.1 to 1.2 is oxidative, but since the authors were
tied to a reductive cyclization strategy, they needed an oxidation, reduction, oxidation,
oxidation sequence to complete the transformation. The synthesis is elegant in that it was
the first synthesis of (+)-Paniculatine in an enantiomeric pure form with stereochemistry
being directed by the starting enone. It formed the angularly fused-ring core while
simultaneously forming a quaternary carbon in one reaction. Is there a way to capitalize
on these aspects of the synthesis without needing all of the reagents? We envisioned that
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an electrochemical method to the ring core would eliminate the need for the redox
manipulations associated with the core construction in the middle of the total synthesis.
An ideal electrochemical cyclization would start from the same starting enone as
in Sha’s synthesis (Scheme 1.3). Anodic oxidation would form a radical cation that could
be trapped by the alkyne relay group producing the first cyclization. The resulting vinyl
radical would then be trapped by the terminating olefin. The final radical would be
oxidized at the anode and the ensuing cation trapped by methanol solvent. Alphamethoxy silyl groups oxidize at an anode in MeOH to form dimethoxy acetals that can
then be hydrolyzed to the aldehyde. This aldehyde could possibly be used in a reductive
amination later in the sequence to add the final ring onto the skeleton. In this strategy, a
Scheme 1.3: Proposed electrochemical route to the Paniculatine ring skeleton
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single, reagentless oxidation replaces a three-step oxidation, reduction, and oxidation
sequence, eliminates the use of toxic tin and the need for several post-cyclization
manipulations, also using toxic reagents, of the resulting ring system. Sha’s conclusion
states that his method could be used for the production of other angular ring systems. We
envisioned our proposed route could also be used for the synthesis of similar ring
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skeletons, and this was pursued in our efforts towards the total synthesis of dankasterone,
a target chosen because it has not been synthesized previously.

Concepts of Electrochemistry
To understand how anodic electrochemical reactions behave and produce the
products that are expected, a basic understanding of electrochemistry is needed.18
Electrochemical reactions involve the transfer of electrons between molecules using
electrodes and an external electrical circuit. Transfer arises from the loss of an electron
from one molecule to the surface of an anode and the gain of an electron by another
molecule at the cathode. At the anode, the group with the lowest oxidation potential is
oxidized first with the potential of the electrode remaining constant until the group is
consumed (a constant current electrolysis). Since the potential at the anode adjusts for
the group being oxidized, electrochemical oxidations can be used for a variety of
compounds with a wide range of oxidation potentials. Electrochemistry can be used with
molecules having multiple oxidizable function groups leaving ones with higher potentials
untouched until the group with the lowest potential is consumed. Then the next lowest
potential functional group begins to react. Therefore, this method can be used with
highly functionalized molecules in a highly selective manner. This differs from a
chemical oxidation where all the functional groups with an oxidation potential below that
of the oxidizing agent react with the oxidant indiscriminatingly.
As mentioned above, the reactions that occur at the electrodes are comprised of
two half-reactions. Oxidation of molecules occurs at the anode. In an electrolysis
reaction, every such oxidation is matched by a simultaneous reduction at the cathode.
Each half-reaction must happen for the circuit to be complete. Each of these half
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reactions forms highly reactive intermediates that are charged (radical cations at the
anode and radical anions at the cathode). Electrolyte salts are added to the reaction to
decrease the resistance of the cell by acting as counter ions for these forming charges. In
the electrolysis reactions that are studied in this work, methanol is the molecule being
reduced at the cathode to form two methoxide ions and hydrogen gas, a net gain of two
electrons. The electrolysis substrate for the cyclization is oxidized at the anode to a
radical cation and eventually two cations, a net loss of two electrons. The cyclization and
methanol trapping of the cation results in the loss of two protons to form a neutral final
product. The acid formed is equivalent to the amount of base formed at the cathode so
the overall reaction remains neutral. However, diffusion limitations mean that the acid
and the base do not neutralize each other immediately. Hence, the region surrounding the
anode becomes temporarily acidic and the area around the cathode temporarily basic.
Since many of our electrolysis substrates are acid sensitive, the production of the acid at
the anode can be detrimental to the reaction. To aid the neutralization, an acid scavenger
is used to quench the acid at the anode and transfer it away from the substrates. The
scavenger used in the olefin-coupling reactions studied in this thesis was 2,6-lutidine
Figure 1.1: Pictures of the electrochemical setup

because of its solubility, lack of
nucleophilicity, and poor oxidation
properties (sterics prevents
oxidation of the nitrogen lone pair
at the anode).
The traditional reaction
setup used in the Moeller lab for
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the constant-current electrolysis reactions studied in this work is shown in the left picture
of Figure 1.1. The setup consists of a potentiostat for regulating the current flow through
the cell, a coulometer for monitoring the

Figure 1.2: Solar panel electrolysis setup

amount of current passed, an AC/DC
converter, and a voltmeter. The voltmeter
is used to make sure the potentiostat is
passing the proper amount of current. This
setup costs about the same as a laboratory
rotavap. Our lab has also shown that a
lantern battery can be used as a simple power source for electrolysis reactions.19 Work
carried out in this thesis also employs the use of a solar panel as the power source for the
electrolysis reactions (Figure 1.2). This work will be discussed in Chapter 4.
The electrolysis reaction cell can consist of either a divided or undivided cell. A
divided cell has the anodic and cathodic chambers separated by a semi-permeable
membrane to isolate the molecules of the redox reactions to the chamber of their half
reaction. This is done if the products of the redox reactions are incompatible or unstable
towards the other electrode. If the products do not react at the auxiliary electrode, an
undivided cell can be used for the reaction, which is both easy and cost effective for the
electrolysis. In this case, there is no separation between the solutions of each half
reaction, and the substrates and products are able to approach the electrode of the
opposite half reaction. The reactions carried out in this thesis were done in undivided
cells that were simply three-neck, round-bottom flasks. The flasks were equipped with
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the anode and cathode by inserting them through separate necks with the use of
thermometer adaptors.
The electrodes used can be of a wide variety of conducting materials. For the
olefin coupling reactions, electrodes that are stable to the electrolysis conditions are
employed. The electrolysis reactions that are conducted in our lab can be done efficiently
using carbon (graphite) rods, reticulated vitreous carbon (RVC), or platinum wires or
gauze. RVC is a porous, glassy carbon material which has a high surface area. It is used
to decrease the current density (charge per area of surface) of the electrode. RVC is
employed in the electrolysis reactions by cutting a cubic centimeter square from a larger
sheet and then stabbing it with a sharpened graphite rod. The rod is used to both hold the
RVC electrode piece in place with the use of a thermometer adaptor and to make a
contact between the RVC electrodes and the electrical circuit to run the reaction. RVC
electrodes were used for the majority of reactions in this thesis.
Many solvents have been used in electrolysis reactions, though typically polar
organic solvents are used to help solvate the electrolyte salt. In the olefin coupling
reactions discussed in this thesis, methanol was used as either the solvent or a co-solvent.
Methanol serves two purposes in the electrolysis reactions. First, it is the substrate for
the half reaction occurring at the cathode. Second, it is used to trap the cation formed in
the oxidation product after the cyclization and second oxidation occurs at the anode.
Trapping the cation by methanol prevents the molecule from rearrangement or
elimination so that the desired cyclic product is produced.19
As mentioned above, electrolytes are needed in an electrochemical reaction to
decrease the amount of resistance the cell has for the formation of more charged species
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at the electrodes. The electrolyte dissociates into its anions and cations and the ions
migrate to the electrodes due to electrostatic attraction. The olefin coupling reactions
Figure 1.3: Illustration of
the electrode double layer

discussed in this thesis occur at the anode, so the anode will be
discussed here. The anode is positively charged, thus attracting the

ANODE

anions of the electrolyte in solution. These anions bind to the
surface of the electrode as illustrated in Figure 1.3. The layer of
negatively charged ions on the surface then organizes the solution
around it, attracting cations, though the second layer has a lower

charge density than that of the first layer. This forms what is called the double layer
surrounding the electrode. These layers alternate around the electrode with each layer
having a smaller charge density due to distance from the electrode. The substrate of the
reaction has to maneuver through the double layer and approach the electrode surface in
order to undergo oxidation and form the charged intermediate. Thus, the concentration of
the substrate at the surface can be manipulated by electrolyte concentration and current
density at the electrode.
Scheme 1.4: Competition between cyclization and methanol trapping
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Once the radical cation intermediate is formed, the counter ions of the electrolyte
stabilize the reactive species until the cyclization occurs. The cyclization leads to a
second radical cation which undergoes loss of a proton and a second oxidation to form a
final cation. The final cation is then trapped by methanol to form the neutral product.
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The electrolyte, therefore, excludes solvent and other substrates to decrease the rate of
solvent trapping and polymerization and allows more time for the intermediates to cyclize
to produce the desired products. The polarity of the electrolyte can affect what molecules
can approach the electrode surface. A highly polar electrolyte, such as lithium
perchlorate, allows polar substrates and methanol solvent to approach more easily than a
nonpolar, greasy electrolyte, such as tetraethylammonium tosylate. A nonpolar
electrolyte allows more nonpolar substrates to approach to the electrode, but excludes
methanol.
For the majority of electrolysis reactions studied in this thesis work, a three-neck,
round-bottom flask was used as a nondivided cell, an RVC anode employed, either a
carbon or Pt cathode used, and tetraethylammonium tosylate or lithium perchlorate
electrolyte utilized depending on the polarity of the substrate. Methanol was used to trap
the cation formed from the reaction as a solvent or a cosolvent with either
dichloromethane, tetrahydrofuran, or acetonitrile. The majority of the reactions run on
the solar panel were optimized employing the traditional setup and then moved to the
solar panel. The electrolysis electron transfer was not affected by the different energy
source.
This method of using electrochemistry to initiate olefin coupling reactions has
been developed by the Moeller group to form several types of ring systems, including
bicyclic and angularly fused cyclic systems that contain quaternary centers.20 The olefin
coupling reactions have been initiated by the oxidation of a variety of olefins, including
alkyl and silyl enol ethers, vinyl sulfides, ketene acetals, and electron-rich aromatic rings.
They have been terminated with simple alkyl olefins, enol ethers, allyl and vinyl silanes
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and a variety of aromatic rings. Heterocyclic derivatives have also been synthesized such
as amino acid derivatives and C-glycosides. Total and formal syntheses have been
completed of cyclic and polycyclic natural products. The result of this work is that olefin
coupling reactions are proving to be a versatile method for producing functionalized
cyclic systems of different ring sizes.

Background of the tandem oxidative cyclizations
With this in mind, my thesis work began by examining the use of electrochemical
oxidative cyclizations in the context of a total synthesis of the angularly fused steroid,
dankasterone 1.3.21 Dankasterone was isolated from the fungal strain Gymnascella
dankaliensis, separated from the marine sponge Halichondria japonica in Japan in 1999.
It showed initial toxicity towards the leukemia cell line P-388 test system (ED50 = 2.2
Figure 1.4: Structure of the natural product Dankasterone

µg/mL), though it was not fully investigated
because of the low amount of material isolated
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from the sponge. Like other natural products, the
concentration in the organism is so small that

O

O

1.3
O

isolation is not a means of producing the

compound in bulk. While Dankasterone was isolated a decade ago, it has yet to be
synthesized so its properties can be examined and to confirm its structure. The problem
with this molecule compared to other steroids is that the ring system is a 6,6,5,6 system
instead of the standard 6,6,6,5 system. The C and D rings are angularly fused, a difficult
feature to construct using modern synthetic methodologies because of the need to
construct a highly hindered quaternary carbon in a stereoselective fashion.
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Scheme 1.5: Proposed mechanism of the oxidative tandem cyclization leading to the Dankasterone core
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We envisioned applying electrochemistry to form this hindered quaternary carbon
by using the electrolysis substrate shown in Scheme 1.5. The silyl enol ether 1.4 would
be oxidized at the anode to form the radical cation 1.5. The radical-cation would then be
trapped by the alkyne to produce the first ring, the C ring in Dankasterone, and result in a
vinyl radical 1.6. There is a possibility that this vinyl radical can oxidize, but the product
would be an unstable vinyl cation. With another olefin in the molecule in position to do a
6-endo type cyclization, it was hoped that the second cyclization would occur faster than
either the reverse of the first cyclization or the second oxidation. The radical 1.7
produced in the second cyclization would be a tertiary radical and stabilized by the
neighboring alkoxy group. Oxidation of this final radical would help drain the
cyclization to the product because the oxidation potential of radical 1.7 would be lower
than that of the vinyl radical 1.6. The production of the cation from the final radical
should shift the reaction toward product because of the decreased likelihood of the
reaction reversing to the vinyl cation. The final cation would then be trapped by
methanol solvent to form ketal 1.8. A workup containing acid would transform the ketal
into the desired ketone and hopefully also isomerizes the double bond, formed as a result
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of the alkyne, into conjugation with the ketone into the desired enone 1.9. Enone 1.9
would be used to complete the total synthesis. The trapping of the first radical-cation 1.5
with the alkyne would be expected to produce the cis-ring fusion based on the alkyne side
chain being able to approach the cis-face of the radical-cation much more readily than the
alternative. This would form the desired angular ring skeleton needed in the building of
Dankasterone.

Alkynes as olefin coupling partners
Bradley Scates began this project prior to my joining the Moeller group. He
began by studying the ability of alkynes to act as coupling partners in anodic oxidation
reactions. Alkynes have acted in tandem cyclizations with radicals,2-4, 22 but did they
react in a similar manner with radical cations? This was the question that Brad focused
on in his initial model studies.23
In this work, the oxidation of a methoxy enol ether 1.10 was used to form a
radical-cation (Scheme 1.6). In the ensuing reaction, the mass balance was low, but all
products isolated were derived from participation of the alkyne in the reaction. Material
containing an intact alkyne was not encountered. At the time, it was hoped that the yield
Scheme 1.6: Initial investigation of trapping radical cations with alkynes
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could be increased by forcing the chain to coil faster with geminal substituents. The
substrates were synthesized as both the alkyl and silyl enol ethers. Unfortunately, the
gem-substituents did not increase the yield of the desired product. The messy mixture of
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Scheme 1.7: Cyclization of the gem-substituted cyclization substrates
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products was not fully separable. Based on the major products isolated, the
decomposition of the vinyl radical to vinyl cation after the cyclization was concluded to
be the problem with this reaction.
While the reactions were a failure at making a monocyclic product efficiently,
they did show promise for the tandem cyclization proposed. It appeared that the desired
vinyl radical did form. If given an intramolecular radical trap, a radical cyclization
involving this vinyl radical might be preferred over either an intermolecular reaction with
another substrate molecule in solution or decomposition. Trapping the vinyl radical with
another olefin would also lead to a more stable end product and possibly decrease the
side products that resulted in the monocyclic case. With the monocyclic cases proving
that the alkyne would react with radical cations, Brad moved onto cyclic substrates that
would be able to perform the tandem cyclization.
In following the precedent of Sha’s synthesis for his cyclization precursor, the
enone needed to form the cyclization substrate was synthesized by the Baraldi method.24
In this chemistry, an enone is alkylated at the alpha position by first using methyl
thioglycolate to form a 1,3-dicarbonyl substrate 1.11. The alkylated bicyclic product is
then fragmented to the alkylated enone 1.12. The side chain chosen for the alpha
alkylation contained a trisubstituted olefin that was shown in previous work in the
Moeller group to act as a very good terminating group for oxidative cyclizations.25 The
use of this olefin coupling partner would optimize the chance for the alkyne to act as a
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Scheme 1.8: Brad's synthesis of his model system electrolysis substrate
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relay in the tandem cyclization. The Baraldi method was plagued with low yields that
would be problematic in scale up of the actual Dankasterone substrate. Attempts to use
the method developed by Smith26 for the synthesis of the enone resulted in similar yields
with more steps and byproducts. With enone 1.12 in hand, the TMS alkyne beta side
chain was added via a Michael reaction. The desire was for the resulting enolate formed
in the Michael reaction to be trapped as a silyl enol ether. Unfortunately, the majority of
product was untrapped ketone and the silylation had to be accomplished in a second
reaction by reforming the enolate and trapping using TBSCl. This led to a problematic
mixture of tetra and trisubstituted silyl enol ethers that could not be avoided. The use of
thermodynamic conditions led to an approximately 1:1 mixture. Using HMDS, LiI, and
TBSCl in CH2Cl2 led to the best mixture (2:1) of the desired tetra vs. undesired
trisubstituted silyl enol ethers 1.13, which were inseparable.
This mixture of regioisomers 1.13 was subjected to the electrolysis reaction to
determine if the tandem cyclization with the alkyne acting as a relay would occur. The
results were promising. In one unoptimized electrolysis reaction with a mixture of
regioisomers, a 40% yield of the cyclized material was produced based on the amount of
desired enol ether used. The majority of the remaining material was hydrolyzed starting
material.
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Scheme 1.9: Cyclization of the model system
TMS
OTBS

OTBS

+

RVC anode
2.2 F/mol, 8.1 mA
2,6-lutidine, LiClO4

O

O

+

THF/MeOH (4:1)

2:1

TMS

TMS

25%
20%
(40% based on tetrasub
silyl enol ether)

TMS

The result of the tandem cyclization was encouraging, but in regards to the total
synthesis of Dankasterone, this synthetic strategy was not optimal. Forming the Baraldi
enone with the necessary beta methyl group was questionable, along with the alkylation
using the 5-exo methoxy enol ether chain needed for the alpha side chain. Plus, the
Michael reaction to add the alkyne side chain would be forming a quaternary center,
which could prove difficult. These potential problems led to the conclusion that a
stepwise pathway to the angularly fused ring core of Dankasterone would be a more
practical approach for the total synthesis. With this in mind, Brad initiated the pursuit of
a stepwise approach to Dankasterone. This is when I started my work on the project.
The discussion of this effort can be found in Chapter 2.

Sustainable potential in electrochemistry
As I have progressed though graduate school, I have become very interested in
green and sustainable chemistry. I chose the project of the total synthesis of
Dankasterone because the route provided a shorter synthesis of a complex ring system
under mild conditions without the use of a chemical oxidant that would become part of a
waste stream. It would provide an example of electrochemistry being a useful tool for
producing complex ring systems in an oxidative fashion that decreases the need for postcyclization manipulations.

18

While the method would appear to have potential towards a more sustainable
synthesis of these types of ring systems, the energy source for the electricity used in the
electrochemical reaction must be also considered. Power usage is a major drawback to
the use of electrochemistry because of its expense and use of non-renewable fuels. The
use of solar energy as a renewable power source for the electrolysis reactions would
eliminate this barrier. In this pursuit, the use of a solar panel as the power supply for
electrolysis reactions was studied. This chemistry is discussed in Chapter 4.
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Chapter 2: Kolbe electrolysis and Double Michael reaction approach
Introduction
My efforts to study tandem cyclizations with substrates having alkyne relays in
the olefin coupling reaction started with the goal to find a better route to synthesize the
electrolysis substrate. The synthesis of the substrate requires the addition of one beta
substituent and an alpha substituent to an enone without losing the enolate. Brad’s
Scheme 2.1: Brad's synthesis of his model system electrolysis substrate
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One beta
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1. methyl thioglycolate O
NaOMe
2. NaOH
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1a) Mg
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TMS
b) CuCN
c) enone addition
50%
2. HMDS, LiI, TBSCl
70% (2 tetra: 1 tri)
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TMS

synthesis1 took advantage of the chemistry developed by Baraldi2 to place the alpha side
chain on first, remake the enone and then add the beta chain by a Michael reaction that
would hopefully lead to an enolate that could be trapped as a silyl enol ether. The
strategy I started to pursue would first add the beta side chain by a Michael reaction that
would be trapped as a silyl enol ether. The enolate would then be reformed to add a
functional group in the alpha position that could in turn be used to regioselectively
regenerate the enolate while introducing the necessary alpha side chain for the tandem
cyclization. Any method developed in this manner needed to be higher yielding and not
plagued by the regiochemical difficulties encountered in Brad’s efforts to synthesize the
substrate for the electrolysis reaction. Ideally, it also would allow a variety of side chains
to be incorporated into the substrate so that the requirements for the relay and terminating
olefins could be studied.
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Retro-Synthetic Analysis
Two routes were envisioned for using this overall approach in the pursuit of the
total synthesis of Dankasterone3 2.1. Both routes propose the A ring of Dankasterone
arising from the development of a new olefin coupling reaction using heterocycles that
can be added to the tricyclic ring core 2.2, via a Michael reaction onto the B ring enone
(Scheme 2.2). The heterocycle would then be hydrolyzed to form the enone in the A
Scheme 2.2: Retro-synthetic anaylsis of the attachment of the A ring to the cyclic core
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Z
2.2
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ring. Ideally, the tricyclic ring skeleton 2.2 would arise from a tandem cyclization
triggered by oxidation of either a carboxylic acid (Scheme 2.3) or an enol ether (Scheme
2.4). The electrolysis would involve a radical resulting from a Kolbe electrolysis4 or a
radical cation-initiated cyclization respectively. A methyl alkyne would serve as the
relay and an alpha-substituted enol ether as the terminating olefin for the reactions. Use
of the alkyne methyl would install the methyl group needed at the A and B ring juncture
of the natural product. The enone needed in the B ring for adding the A ring to 2.2,
would be formed by isomerization of the B-ring olefin derived from the alkyne.
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The Kolbe Approach
A Kolbe electrolysis is the oxidation of a carboxylate to eliminate CO2 and form
an alkyl radical that then is traditionally coupled with another alkyl radical formed in the
electrolysis. The Kolbe approach to the tandem cyclization initiated by a radical was of
interest because tandem radical cyclizations using alkyne relays are well known.5 While
Kolbe reactions often give low yields of coupled products, we hoped to show this to be
Scheme: 2.3 Retro-synthetic analysis of the BCD ring core of Dankasterone by a radical initiated cyclization
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the result of not providing the radical generated from the oxidation of the carboxylate
with an effective route to a stable product. In the proposed ideal Kolbe electrolysis
(Scheme 2.3), the tandem cyclization would lead to a final radical alpha to an oxygen
(X=OR). It was hoped that the rapid oxidation of this radical would lead to higher
reaction yields. In this plan, the Kolbe oxidation substrate 2.3 was to be formed by
alkylating an enolate generated from a beta-keto ester and then saponifying the ester.
The beta-keto ester 2.4 would be synthesized by trapping a Michael reaction from the
initial enone 2.8 with Mander’s reagent (cyanomethylformate).6 Enone 2.8 would have a
steroid side chain already in place.7
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The Double-Michael Reaction Approach
The tandem cyclization method was of interest to us because it would represent
the first radical-cation initiated tandem cyclization leading to an overall oxidative
cyclization. The substrate for the oxidation 2.5 could be produced by a double-Michael
reaction sequence. The alpha side chain would be added via a Michael reaction onto an
exo-cyclic methylene 2.6 and trapped to form the silyl enol ether needed for the
Scheme 2.4: Retro-synthetic analysis of the BCD ring core of Dankasterone
by a radical cation initiated cyclization
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electrolysis. The exo-cyclic methylene would be formed from a Mannich-type alkylation
and elimination sequence, using Eschenmoser’s salt, starting from the silyl enol ether 2.7
formed from the initial Michael reaction using enone 2.8. Both the Kolbe and doubleMichael approaches would take advantage of the same enone 2.8 as the starting material
for the synthesis.7
We knew that doing a Michael reaction to form a quaternary center as required for
the D ring of Danksterone would be difficult so a simpler system without the angular
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methyl and the steroid side chain was initially selected for study. Using the model
system, we hoped to identify the best route for pursuing the total synthesis.

Kolbe Electrolysis substrate synthesis
I began by working on the synthesis of the Kolbe substrate. The tandem
cyclization had been temporarily put aside by Brad, and a step-wise approach was being
pursued as shown in Scheme 2.5. In this stepwise route, the proposed cyclization would
take advantage of an allyl silane8,9 as a trapping group to produce the C ring of
Dankasterone. The second cyclization to form the B ring would be accomplished using
an ozonolysis- aldol sequence. We envisioned that this stepwise pathway could be
conducted by either a radical or a radical cation derived cyclization.
Scheme 2.5: Proposed stepwise cyclization approach to the BCD ring core using an
allyl silane beta chain. In this case initiated by the radical cation approach.
O
OSiR3

O

O

1) O3
2) Aldol

Electrolysis

TMS

My research started with an attempt to use a Michael reaction to add the allyl
silane group onto cyclohex-2-ene-1-one and then form a beta-keto ester by trapping the
generated enolate with cyanomethylformate. Unfortunately, the cyanomethylformate
reagent did not trap the enolate formed in the Michael reaction. The product mixture
generated from the Michael reaction was a mess. The only products isolated out of this
mixture were the 1,2-addition product along with a low yield of the untrapped 1,4addition product. Feili Tang in the group had previously trapped an enolate produced in a
Michael reaction with carbon dioxide to form a beta-keto acid.10 Using his method of
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bubbling the gas from dry ice through Drierite and then into the reaction flask while still
at -78° C, I was able to form the beta-keto acid 2.9 (Scheme 2.6). I promptly learned that
the workup had to be done quickly with all the solutions kept at 0° C to obtain the acid as
Scheme 2.6: Syntheis and electrolysis of the Kolbe oxidation substrate
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4) CO2
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a mixture with the untrapped ketone. Otherwise, the product spontaneously
decarboxylated. The only purification of the products that could be performed was the
washing steps during the workup. Because the side chain with the allyl silane was
designed for only one cyclization in the electrolysis reaction, we decided to test the
potential of the Kolbe cyclization with this substrate. As shown in Scheme 2.7, the
radical generated from the Kolbe oxidation could be trapped by the allyl silane in order to
form a readily oxidizable radical. We hoped that after this second oxidation, the silyl
group would rapidly eliminate and form a terminal olefin. To this end, the crude mixture
Scheme 2.7: Kolbe oxidation mechanism with an allyl silane
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of beta-keto acid 2.9 and ketone (NMR of the crude mixture is shown in Figure 2.1) was
submitted to the electrolysis in an ice bath. Six equivalents of 2,6-lutidine as the acid
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Figure 2.1: NMR of the crude reaction
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scavenger, 3.75 equivalents Et4NOTs as the electrolyte, and 20% methanol in
dichloromethane as the solvent system were used. An RVC anode and carbon rod cathode
were used as the electrodes to pass 2.1 Faradays through the solution at a constant current
of 20 mA. The result of the electrolysis was the isolation of decarboxylated ketone and a
decarboxylated ketone in which the side chain had also been oxidized (Scheme 2.6).
Oxidation of the side chain resulted in methanol trapping and the elimination of the silyl
group. As a control experiment, the substrate mixture was submitted to the same
conditions, without the current being turned on. This also resulted in full
decarboxylation. Therefore, it was concluded that the radical from the Kolbe electrolysis
was not forming in the electrochemical experiment due to the rapid decarboxylation of
the starting material. The addition of the alpha side chain to the beta-keto acid would only
increase the rate of decarboxylation. Hence, we concluded that the Kolbe route was not a
viable pathway for the synthesis of Dankasterone.
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Double-Michael route substrate synthesis
The first attempts at the double-Michael route were unsuccessful. Continuing
with the stepwise approach, the same iodo allyl silane substrate used in the Kolbe route
was again converted into a cuprate by metal-halogen exchange with tert-butyl lithium and
then added to copper(I) cyanide. The cuprate was warmed to room temperature for 30
minutes and then cooled back to -78° C. To this mixture was added the distilled
cyclohexenone. Addition of a 1:1 TMSCl/Et3N mixture was used to trap the enolate
formed in the Michael reaction as a silyl enol ether. The Michael reaction led to a low
yield of product that was only partially trapped as the silyl enol ether. One possibility of
why the Michael reaction may not have proceeded well was because the cuprate was
unstable at room temperature. Therefore, the reaction was repeated and only warmed to
0° C, which resulted in a slightly increased amount of silyl enol ether. During these
optimization efforts, I attempted alkylations on the regenerated enolate from the product
silyl enol ether with Eschenmoser’s salt. Brad Scates had finished his thesis work by
starting the initial studies of this route. He found that commercial Eschenmoser’s salt did
not alkylate the enolate and undergo the subsequent elimination well to produce the
desired exo-cyclic methylene product. He tried several conditions to eliminate the small
amount of amine that he could isolate and obtained very low yields of the unstable exocyclic methylene; 20% being the highest amount of olefin isolated. I tried additional
methods to alkylate the enolate and accomplish the subsequent elimination, but I was also
unsuccessful.
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At this time, Dr. Larry Overman was visiting for the annual departmental Marcus
lecture. He suggested a Michael reaction-Eschenmoser’s salt route that he had recently
reported.11 His method used TMSBr instead of TMSCl/Et3N and added the reagent to the
cuprate prior to the addition of the enone. They showed that the TMSBr aided the
Michael addition by decreasing reversibility of the cuprate addition relative to use of the
TMSCl. The alkylation was then performed using commercial Eschenmoser’s salt.
Immediately following the isolation of the crude amine, it was treated with methyl iodide.
The quaternary amine was then eliminated to the enone using 15% K2CO3. In the case
discussed in Overman’s paper, this procedure produced a 53-58% yield of the enone over
the four steps. Following this scheme, I was able to form the enone consistently, albeit
still in low yields over the four reactions.
Please note that unless otherwise stated, all yields reported for the double Michael
route in this chapter are calculated from the cyclohex-2-en-1-one starting material using
benzaldehyde as an internal standard in the NMR of the crude material.
Scheme 2.8: Synthesis of exo-cyclic methylene using a methyl cuprate
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Initially, the chemistry was developed using a methyl cuprate for the Michael
reaction (Scheme2.8). I found that the commercially available Eschenmoser’s salt would
work in the alkylation reaction if it was dried using several benzene azeotrope drying
steps (solvent removed in vacuo), and stored under argon. The quality of the purchased
salt was not always consistent. Elimination of the amine to form the exo-cyclic
methylene 2.10 produced a 14-26% yield of the product. While the sequence was
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consistently forming the product in higher yields than the previous methods, it still led to
only small quantities of the enone. In addition, we found that enone 2.10 was not stable
due to a hetero-Diels Alder reaction of the exo-cyclic methylene. Because of this
instability, the isolation of the compound was avoided by using the cuprate (Scheme 2.9)
formed from 2-bromopropene in excess to eliminate the amine in 2.11 and form the exocyclic methylene in situ. This permitted the second Michael reaction to progress
immediately. This reaction sequence allowed the generation of the silyl enol ether 2.12
of the double Michael reaction sequence in 21% yield over the four steps.
Scheme 2.9 Elimination of the amine by cuprate addition
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With this result, we began using beta side chains that could be employed in
cyclizations. Initially, the stepwise sequence was attempted using the allyl silane as the
beta side chain to form silyl enol ether 2.13. However, all efforts to optimize the initial
Michael reaction met with failure. The worry that the allyl silane would also complicate
the second Michael reaction in the sequence suggested that this synthesis might not be a
promising strategy for the substrate synthesis. Since the TMS-acetylene side chain was
compatible with the Michael reaction in the model system initially developed by Brad,
we decided to repeat this sequence with a TMS-acetylene side chain. This led back to
substrates for a tandem cyclization; a move that was considered a positive change. The
step-wise approach was only being followed by Brad in an attempt to simplify the
substrate synthesis, though my overall goal was to study the tandem cyclization. The

31

Scheme 2.10: Attempts of substrate synthesis with beta chains usable for the cyclization
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initial reactions leading to the exo-cyclic methylene 2.14 proceeded fine. However, the
second Michael reaction did not work. We worried that the TMS group on the alkyne
would be unstable to the Michael conditions. Since Dankasterone requires a methyl
group at this location, a change to the methyl-substituted alkyne would eliminate postcyclization synthetic steps in install this methyl group.
However, since the full double-Michael sequence was not consistently working at
this point and the methyl alkyne had to be synthesized, it was decided to first optimize
the yield of the sequence using commercially available 4-bromobutene as the side chain
precursor for the Michael reaction. An advantage of using this side chain to optimize the
sequence is that it also produced a substrate for the electrolysis reaction. It would allow
us to establish if a mono-substituted alkene could act as a relay in the tandem cyclization
(Scheme 2.11). The Michael reaction to form silyl enol ether 2.15 consistently went
cleanly and provided good to excellent yields of the product. Following the alkylation, it
was soon realized that the cuprate reagent for the second Michael reaction would not act
as a base to eliminate the amine and form the exo-cyclic methylene in situ. The initial
case with the methyl cuprate proved to be an exception. In our hands, no other cuprate
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Scheme 2.11: Synthesis of the electrolysis substrate using butene as the relay
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was compatible with the in situ elimination and Michael reaction. Thus, the
quaternization of the amine and elimination sequence was once again adopted from
Overman’s procedure. Using benzaldehyde as an internal standard, the highest yield of
the crude exo-cyclic enone 2.16 formed was 39% over the four reactions. The exo-cyclic
methylene was unstable, and with time underwent a hetero Diels-Alder. In general, the
exo-cyclic methylene intermediate could be purified by column chromatography if the
second Michael reaction was immediately run after isolation.
The first anion chosen for the second Michael was 2-lithio-1-propene 2.17. This
anion was chosen because the lithiation reaction used to form the anion was well behaved
and the cuprate derived from the anion worked well in the synthesis of 2.12. However,
the Michael reaction using this anion proceeded in low yield; calculated as 3% from the
starting material enone and 8% from the exo-cyclic methylene 2.16. The silyl enol ether
2.18 obtained was not pure. It was contaminated with a significant amount of untrapped
ketone and other impurities. In spite of these impurities, the substrate was submitted to
the electrolysis reaction conditions to determine if any product would form. The amount
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of reactants and current used were based on the amount of 2.18 estimated by the use of an
internal standard in the NMR of the product from the Michael reaction. In the
Scheme 2.12: Electrolysis of butene substrate
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electrolysis reaction, tetraethylammonium tosylate (3.75 equiv.) was used as the
electrolyte in order to provide a more organic double layer for the nonpolar substrate. Six
equivalents of 2,6-lutidine were used as an acid scavenger, and 20% methanol:
dichloromethane was used as the solvent system. The reaction was run with an RVC
anode and C rod cathode at a constant current of 10 mA until 2 Faradays were passed.
The NMR spectra of the crude material and isolated fractions showed the presence of
new olefin peaks that suggested that the cyclization had occurred and led to products
from elimination reactions involving the final cation. The isolated products were in very
small quantities and not pure. The starting monosubstituted olefin was evident in each of
the NMR spectrum for the isolated fractions of products. However, since the electrolysis
substrate was a mixture containing the of ketone and silyl enol ether, the presence of the
starting olefin in the product did not necessarily reflect the success of the cyclization.
Our conclusion from this electrolysis reaction was that we believed a cyclization had
occurred, but because the starting material and products were impure and the reaction run
on such a small scale, the results were not conclusive. The second Michael reaction still
needed to be optimized and an alpha side chan containing a functional group that would
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result in a ketone functionality after the reaction was required for the synthesis of
Dankasterone.
Optimizing the second Michael reaction proved extremely problematic. On many
occasions, the reaction did not occur, but lacked an obvious cause for the failure. A
variety of substituted vinyl anion cuprate reagents were used in an effort to have a
terminating group that could be transformed into a ketone. Ethyl vinyl ether was the first
examined because its use in the tandem cyclization would lead to a ketal that could be
readily hydrolyzed to a ketone as outlined previously in Scheme 2.4. However,
producing the lithium anion of ethyl vinyl ether 2.19 was not easy (Scheme 2.13). When
2.19 was used to make the cuprate for the second Michael reaction, the product that
resulted was a mess in which none of the compounds isolated could be identified as the
product by NMR. To determine if the anion was being produced, 2.19 was treated with
anisaldehyde. This reaction went well, so it was believed the formation of the cuprate
was not taking place. Evidence to support this was obtained by adding the cuprate to
cyclohex-2-ene-1-one. Once again the Michael reaction was not successful. From this,
Scheme 2.13: Determining if Ethyl vinyl ether would form a cuprate
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Polymerized

ethyl vinyl ether was determined to not be a suitable anion, and we moved to alternatives
that would generate products that could be oxidized or hydrolyzed easily to a ketone.
The next attempt used the anion derived from (1-bromovinyl)trimethylsilane to
make the cuprate (Scheme 2.14). The second Michael reaction worked moderately well
in roughly a 50% yield. A column was attempted on the material to remove some of the
impurities. The product 2.20 was used in an electrolysis reaction employing the same
conditions previously discussed. An NMR of the crude product showed multiple peaks in
Scheme 2.14: Synthesis and electrolysis of vinyl silane and butene side chains
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the methoxy and olefin regions. After purification by column chromatography, the
conclusion drawn was that the material had polymerized during the electrolysis reaction.
It is possible that either the butene did not act as a relay because mono-substituted double
bonds are not effective trapping groups for the radical cation in the olefin coupling
reaction or that the reaction was hurt by the need to do a six-endo cyclization in the
second step. The key is that the first cyclization will do a six-endo type cyclization of its
own if the relay vinyl radical is not trapped quickly enough.12 Radical-cation cyclizations
of this type have been shown to be reversible radical-type reactions. While the
electrochemical reaction was unsuccessful, the route to the substrates looked to be
general. We decided that at this point it was time to start studying the tandem cyclization
having the proper alkyne in place.
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The synthesis of 5-iodopent-2-yne was first attempted using conditions developed
by Appel and coworkers.13 Along this path, the iodo compound 2.21 was synthesized
from pent-1-ol-3-yne with 1.5 equivalents of triphenylphosphine, 2 equivalents of
imidazole, and 1.2 equivalents of iodine (Scheme 2.15). Using pentane as the solvent
during purification by column chromatography, the iodo compound could be separated
Scheme 2.15: Synthesis of 5-iodopent-2-yne
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from the triphenylphosphine on a smaller than one gram scale. On larger scales, the iodo
compounded eluted with the phosphine. The yields were erratic, the problems arising
from the difficulty of loading the mostly solid reaction mixture onto the column and
having to run multiple purifications depending on the reaction scale. What was learned
early on was that all of the triphenylphosphine had to be removed from the compound for
the subsequent Michael reaction to work. Later during the work on a gem-methyl model
system (Chapter 3), the approach to the iodide was changed to first convert the alcohol
into a mesylate and then do a substitution with sodium iodide. This method resulted in
higher yields (50-70%) and a much easier purification.
The cuprate was formed from the anion of 2.21 and the Michael reaction carried
out in the same fashion as the previous reactions. A difficulty seen with the alkyne in this
sequence was the formation of the Wurtz-coupling product; in some reactions to a very
high extent. No variation of the anion formation tried stopped this coupling from
occurring. The mixture generated during the cuprate reaction became a thick sludge.
This sticky solid occasionally stopped the reaction from stirring until it warmed to room
temperature. Following the completion of the Michael reaction, the reaction work up was
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difficult because the solid then formed a large emulsion on the interface of the aqueous
and organic layers making it difficult to discern the separation. Because of these
problems, the yield of the Michael reaction employing the iodo-alkyne derived anion was
inconsistent.
The first substrate synthesized for the electrolysis used the alkyne side chain for
the first Michael reaction and the cuprate from the anion of 2-bromopropene 2.17 for the
Scheme 2.16: Synthesis of the electrolysis substrate 2.22
Br
O
1)

Li
t-BuLi
Et2O

2.17

OTMS

O
[O]

2)CuCN, TMSBr
3)enone addition

2.22
O
10% from

+ unknown material
and polymerization

majority of
recovered material

second Michael reaction. After a quick column purification of the silyl enol ether 2.22,
the substrate was isolated in a 10% yield from cyclohexenone over the six steps (NMR in
Appendix 1, Figure 2.2). The electrolysis reaction was set up using the same conditions
used in the previous electrolysis attempts. The reaction resulted in the majority of the
material being hydrolyzed to the ketone (NMR in Appendix 1, Figure 2.3). Several other
products were isolated. The proton NMR spectra for these products were consistent with
polymerized material (NMR in Appendix 1, Figure 2.4). One fraction isolated from the
column of the reaction led to the NMR shown in Appendix 1, Figure 2.5. This product or
mixture of products has not been identified; however, it is clear that the majority of the
product within this fraction had the alkyne intact, along with the olefin and allylic methyl.
This meant that the majority of this material was not cyclized. It is possible that this
fraction did contain some cyclized material, but all the peaks needed to definitively
assign the presence of cyclized product were not present. From this data, we concluded
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that a likely structure producing many of the peaks in this spectrum arose from the
elimination of a proton from the radical cation followed by subsequent methoxylation of
the olefin. The amount of material in this fraction was a small percentage of the overall
mass balance and therefore we concluded, though confusing and intriguing, that this
fraction helped provide evidence that the cyclization was not successful overall. One
worry about the reaction was that the use of the alpha side chain employed would lead to
a 6-endo cyclization for the second ring formation. If this situation slowed the second
cyclization to a point slower than the reverse of the first cyclization then the reaction
might appear as if no cyclization occurred.
In order to remove this possibility, a substrate using a trisubstituted olefin that
would result in a 5-exo-type second cyclization was attempted. Trisubstituted olefins
have proven to be excellent trapping groups for radical cations.14 Their use leads to
cyclizations that are fast and occur at or near the surface of the anode.15 Oxidation of the
Scheme 2.17: Mechanism of a 5-exo type cyclization
OTMS

OTMS

OTMS

[O]

5-exo cyclization
O

O

O
-H+

[O]

tertiary radical formed would occur quickly (Scheme 2.17), thus draining the reaction
towards the cyclized product. The exo-cyclic methylene 2.23 was synthesized in 31%
yield from the starting enone in this synthesis (Scheme 2.18). However, the Michael
reaction using the cuprate derived from the 1-bromo-2-methyl-1-propene anion 2.24 did
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not work. In this case, the reaction led to the recovery of the enone. The gem-methyls on
the nucleophile, particularly the methyl cis to the anion, have previously been seen to
stop Michael-type reactions because of sterics.16 It was believed that this was the cause
for the Michael reaction completely failing in the case of the cuprate derived from 2.24.
Scheme 2.18: Attempt of the Michael reaction using the anion 2.24
Br

Li
t-BuLi
Et2O

O
1)

2.24
NR, recovered enone

2)CuCN, TMSBr
3)enone addition

2.23

A cuprate derived from trans-1-bromo-1-propene was used to probe this
possibility. In this case, the Michael reaction worked in a 4% yield from cyclohexenone
and 25% from the exo-cyclic methylene. The electrolysis in this case used different
conditions in attempt to mimic the conditions in Brad’s successful cyclization.1 He used
20% MeOH/THF as the solvent for the reaction along with 18 equivalents of LiClO4 and
4.6 equivalents of 2,6-lutidine. In the electrolysis of the trans-butene substrate 2.25, I
chose to use the same amount of the acid scavenger and electrolyte that I had used
Scheme 2.19: Synthesis and electrolysis of 2.26
Br
O
1)

Li
t-BuLi
Et2O

OTMS

RVC/C
2,6-lutidine, LiClO4
20%MeOH/THF
2.4F, 10mA

2)CuCN, TMSBr
3)enone addition

2.23

2.25

O

2.26

4% from starting enone,
25% from exo-enone

previously, 6 equiv. and 0.1 M respectively, but did change to use THF and LiClO4.
Monitoring the reaction showed the presence of a new spot. After 2.4 F of current passed
at a rate of 10 mA, the reaction was stopped. Following work up, the NMR of the crude
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product showed that the trans-double bond and the alkyne were both still intact. The silyl
enol ether, 2.25, had been hydrolyzed to ketone 2.26.
Through all of the syntheses, hydrolysis of the silyl enol ethers was a problem.
Even with chromatography through silica gel treated with triethylamine, there would be
some hydrolysis. If the compounds sat for an extended period of time, complete
hydrolysis to the ketone would occur. The result was that the TMS silyl enol ethers were
not stable enough to allow for careful examination of the radical cation-derived
cyclization chemistry. Brad used a TBS silyl enol ether in his case. Hence, the synthesis
of substrate 2.25 was again attempted using TBSCl. With these conditions, the Michael
reaction adding the alpha side chain failed completely. It was possible that either the
TBSCl was still wet (even after drying the solution over molecular sieves), the Michael
reaction does react better when the bromide anion from TMSBr is present as discussed in
Overman’s paper,11 or the TBS group is sterically too large. Brad’s experience of
obtaining mixtures of silyl enol ether regioisomers when generating them from the
ketone, indicated that the TMS enol ether could not be converted into the TBS enol ether
through the ketone. Transforming the TMS silyl enol ether into a methoxy enol ether by
reforming the enolate and then trapping it with dimethylsulfate was not successful. This
was the point at which it was decided that this strategy was not feasible.
Problems with the double Michael sequence to the electrolysis substrates were
hindering our ability to study the tandem-cyclization electrolysis reaction. These
problems were many. The strategy had to be run in a multistep fashion with only a quick
purification of the exo-cyclic methylene due to the instability of the intermediates. If the
last Michael reaction or the electrolysis reaction did not work, the substrate had to be
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remade from the beginning of the sequence. This was very time consuming since the
sequence required a straight week to complete. All yields reported for this sequence were
calculated from NMR integrations of the crude material with an internal standard of
benzaldehyde because the intermediates were not stable to purification. The silyl enol
ethers quickly hydrolyzed on silica column chromatography, even if triethylamine was
used during packing of the column. Finally, the amount of material that was obtained
after the sequence was incredibly small and the product produced was not pure nor could
it be fully characterized. The impurity of the material was a factor in the electrolysis
reactions and consequently did not allow for definitive conclusions to be made about the
tandem cyclization. Were the cyclizations going poorly because the alkyne was not
compatible with the radical cation reaction, or were impurities in the substrate interfering
with the cyclization? All of these factors combined to condemn this route. Because of
these problems, it was necessary to consider another route to the electrolysis substrates; a
method that produced stable substrates that could be purified and isolated in high yield.
In addition, the route needed to allow for a variety of side chains to be incorporated in to
the substrates. For this reason, a new model system was selected for study.
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Appendix 1: NMRs of the electrolysis of Compound 2.22

H2O

Figure 2.2: NMR of the
crude electrolysis substrate

OTMS

Figure 2.3: NMR of the crude
hydrolyzed ketone resulting
from the electrolysis reaction
O
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Alkyne Me- 1.77 ppm
Allylic Me-1.66 ppm
Olefin- 4.69 ppm

Figure 2.4: Example of
Polymerization

Most likely structures proposed:
OMe
O

O

OMe
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H2O

Figure 2.5: Unknown
material isolated from
the electrolysis.
Alkyne Me: 1.76 ppm
Allylic Me: 1.74 ppm
Assuming olefin peaks at
4.48 and 4.68ppm
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General Procedures and Information
All proton magnetic resonance spectra were recorded using a Varian Mercury 300
or a Varian Unity 300 spectrometer using CDCl3 as solvent unless otherwise stated.
Chemical shifts for proton spectra are reported as parts per million (ppm) downfield from
tetramethylsilane (TMS) in δ units unless otherwise indicated, and coupling constants
have been reported in cycles per second (hertz, Hz). The splitting patterns are designated
as follows: s for singlet or br s for broad singlet, d for doublet, t for triplet, q for quartet, p
for pentet, and m for multiplet. Unless otherwise stated all proton spectra are of racemic
mixtures and may include diastereomers. Carbon spectra were also obtain using Varian
Mercury 300 or Varian Unity 300 at 300 MHz and are reported in ppm with the central
line of chloroform-d triplet referenced by 77.3 ppm unless otherwise indicated. Infrared
spectra (IR) were obtained using a Perkin Elmer Spectrum BS FT-IR System
spectrophotometer. High resolution electronic ionization (EI) mass spectral data were
obtained using a Micromass ZAB-SE spectrometer with an 8 keV acceleration voltage,
resolution of at least 7000, an internal standard of polyfluorinated kerosene (PFK), and
acquired by magnet scan.
Reactions were monitored as a function of time by TLC with silica gel 60
precoated plates. Gravity flow and flash chromatography were carried out using silica
gel 60. The solvents used for chromatography were mixed by volume for each
experiment.
Preparative electrolyses were carried out with a Model 410 potentiostatic
controller, a Model 630 coulometer, and a Model 420A power supply purchased from the
The Electrosynthesis Company, Inc. Carbon rods and RVC electrodes were purchased
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from Electrolytica. Tetraethylammonium p-toluenesulfonate and lithium perchlorate
were purchased from Sigma-Aldrich Chemical Co.
Chemical reagents and solvents were purchased from Sigma-Aldrich Chemical
Co., Sigma Chemical Co., and Fluka and used without further purification unless
otherwise noted. Dichloromethane was distilled over calcium hydride. Tetrahydrofuran
was distilled from sodium benzophenone ketyl and used immediately. Chloroform-d,
was purchased from Cambridge Isotope Laboratories or Sigma-Aldrich Chemical Co. and
used without further purification.
All reactions were run under an inert atmosphere of argon in flame-dried or oven-dried
glassware unless otherwise specified. The purity of all compounds (≥95%) was
determined by proton and carbon NMR data.

Chapter 2 Experimental
O

O

OH

TMS

2-Oxo-6-(5-trimethylsilanyl-pent-3-enyl)-cyclohexanecarboxylic acid 2.9
(6-Iodo-hex-2-enyl)-trimethylsilane (1.984 g, 7.4 mmol) was weighed into a flame dried
50 mL round-bottom flask and then ether (15.0 mL) added. The solution was cooled to 78° C. t-Butyllithium (1.7 M, 9.6 mL, 16 mmol) was added and the reaction stirred at 78° C for 2 h. The lithiated allyl silane was stored overnight at -20° C and protected from
light by Al foil. Copper cyanide (0.380 g, 4.2 mmol) was weighed into a flame-dried 50
mL round-bottom flask, ether (22.0 mL) added, and the solution cooled to -78° C. The
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lithiated allyl silane that had been warmed to 0° C was cannulated into the copper
solution and stirred at -78° C for 10 min. The cuprate was then stirred at 0° C for 30 min
and then cooled back to -78° C. Distilled cyclohex-2-ene-1-one (0.35 mL, 6.7 mmol)
was added and the reaction stirred at -78° C for two h. Dry ice was added to a flame
dried 100 mL round-bottom flask equipped with an addition funnel filled with Drierite.
Dried carbon dioxide was bubbled through the cuprate via cannula for 1 h. The solution
was then warmed to 0° C. The workup was done as quickly as possible with all of the
solutions chilled at 0° C. The reaction was quenched with 20 mL of 9:1 NH4Cl: NH4OH
and stirred at 0° C for 10 min. The layers were separated and the aqueous layer was
vacuum filtered through a Büchner funnel. The filtrate was then extracted with 3x25 mL
of ether. The aqueous layer was then slowly acidified with 5% HCl until the pH reached
3 and then extracted with 3x30 mL CH2Cl2. The organic layer was filtered through
MgSO4. If the solutions became warm during the filtration, they were placed in the
freezer. The organic layer was concentrated in vacuo at 0° C. The structure of the crude
product was tentatively assigned by 1H NMR:
acid (in a mixture of acid and decarboxylated material): 12.12 (s, 0.3 H, acid proton),
5.53-5.34 (m, 1 H, allyl silane olefin), 5.33-5.15 (m, 1H, allyl silane olefin), 3.19 (dd, J=
11 Hz, J= 6 Hz, 0.4 H, ABX pattern of the alpha proton); unidentified peaks- 2.60-2.49
(m, 1 H), 2.48-2.24 (m, 3.5 H), 2.14-1.91 (m, 4 H), 1.83-1.56 (m, 3 H), 1.46 (dd, J= 8 Hz,
J= 4 Hz, 3 H), 1.41-1.25 (m, 3 H), 0.91 (s, 0.6 H), 0.87 (s, 2 H), 0.01 (s, 1.4 H).
decarboxylated ketone (as a mixture with unidentifed material) (3-(5-Trimethylsilanylpent-3-enyl)-cyclohexanone): 5.46-5.14 (m, 2H, allyl silane olefin); unidentified peaks2.5 (dp, J= 13.4 Hz, J= 2.1 Hz, 0.6 H), 2.37-2.19 (m, 1.6 H), 2.12-1.91 (m, 4 H), 1.86-
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1.73 (m, 0.8 H), 1.73-1.58 (m, 1 H), 1.48-1.42 (m, (2.4 H), 1.42-1.25 (m, 3 H), 1 (d, J=
1.1 Hz, 2 H), 0.02 (s, 1.6 H).

O

O

O

[O]
OH

TMS

TMS

3-(5-Trimethylsilanyl-pent-3-enyl)-cyclohexanone

The weight of the crude 2.9 was considered that of pure material for the purpose of
calculating the electrolysis reagents needed, even though a considerable amount of
decarboxylated material was present. The electrolysis was setup by weighing Et4NOTs
(2.520 g, 8.4 mmol) into a flame-dried 3-neck 100 mL round-bottom flask. Methanol
(16.5 mL), dichloromethane (56 mL), and 2,6-lutidine (1.6mL, 14 mmol) were added to
the flask and then the mixture cooled to 0° C. Ten mL of CH2Cl2 was then added to the
crude acid from above immediately before the electrolysis was to be run. The acid was
then cannulated into the electrolysis flask. The flask was equipped with a carbon
rod/RVC anode and carbon rod cathode, covered in Al foil, and then placed in an ice bath
to keep the reaction at 0° C. The current was set at 20 mA and the reaction run until 2 F
had been passed. After the reaction was complete, 10 mL of dH2O and 5 mL of Et2O
were added to the flask and the resulting solution stirred for 10 min. The organic layer
was separated and the aqueous layer was extracted with 3x50 mL Et2O. To the reaction
organic layer was added 50 mL of dH2O. This aqueous layer was extracted with 2x50
mL CH2Cl2. The combined organic layers were dried over MgSO4, filtered, and
concentrated in vacuo. The product was purified using a silica column and 4:1
hexanes/EtOAc as the elutant. A second column was used to separate overlapping
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fractions using 3:2 hexanes/EtOAc as the elutant. Most of the product obtained was
decarboxlyated starting material.

Control Experiment: The electrolysis was setup using the same conditions as above.
Electrodes were inserted into the reaction, but no current was passed through the cell.
The reaction solution was stirred at 0° C for the time period needed to pass 2 Faradays of
current at a rate of 20 mA. After this time, the reaction was worked up using the same
conditions described previously. All the solutions were kept at 0° C. The NMR of the
crude product showed complete loss of the acid proton and the ABX pattern for the alpha
proton.

NOTE: The double Michael reaction sequence described below had to be completed in a
sequential, multi-step fashion because the silyl enol ethers were not stable to column
chromatography purification and time. In addition, the exo-cyclic enone product
underwent hetero-Diels-Alder if not used immediately. All the equivalents were
calculated from cyclohex-2-ene-1-one for the entire sequence unless the internal standard
was trusted due to a clean NMR of crude reaction product. Yields are based on NMR
integration of an internal standard (benzaldehyde) relative to the product observed by
NMR in the crude reaction mixture. The yield calculation was preformed using the
amount of cyclohex-2-ene-1-one employed at the start of the sequence.
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OTMS

Trimethyl-(3-methyl-cyclohex-1-enyloxy)-silane:
Copper(I) cyanide (0.896 g, 10.0 mmol) was weighed into a flame dried 100 mL roundbottom flask, ether (7.6 mL) was added and the solution was cooled to -78° C. Methyl
lithium (6.3 mL, 1.6 M, 10 mmol) was added to the copper solution and stirred at -78° C
for 10 min and then warmed to 0° C for 30 min; after which, the cuprate was cooled back
to -78° C. THF (7.8 mL) was added, and after 10 min distilled TMSBr (1.3 mL, 10.0
mmol) was added. Distilled cyclohex-2-ene-1-one (0.66 mL, 6.7 mmol; all equivalents
for the sequence were calculated from this value) was added to a flamed dried 10 mL
pear-bottom flask in 7.4 mL of THF. The enone solution was cannulated into the cuprate
and stirred at -78° C for 5 hours. Distilled hexanes were added to dilute the reaction and
the mixture allowed to warm overnight. The reaction was quenched with 50 mL of 9:1
NH4Cl:NH4OH and washed with 50 mL of dH2O and brine. The organic later was dried
over MgSO4, filtered and concentrated in vacuo. An NMR yield for the crude material
was calculated using benzaldehyde as an internal standard and comparing the aldehyde
proton integration to that of the olefinic proton of the silyl enol ether at 4.7 ppm. Using
this method, the calculated yield was 77% (normal range 70-99%). The product was used
immediately in the alkylation reaction. The structure was tentatively assigned using a
proton NMR of the crude mixture. 1H NMR: (CDCl3/ 300 MHz) δ 4.74 (t, J= 1.2 Hz, 1
H, olefin proton of the silyl enol ether), 0.94 (d, J= 7 Hz, 4.3 H beta Me with unidentified
material overlapping): unidentified peaks- 2.23 (m, 1 H), 1.99 (m, 0.35 H), 1.95 (m, 2 H),
1.73 (m, 3 H), 1.56 (m, 1.6 H), 1.27 (br d, 1 H), 1.06 (m, 1 H), 0.88 (t, J= 7 Hz, 1 H).
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O

NMe2

2-Dimethylaminomethyl-3-methyl-cyclohexanone 2.11
DMF (35 mL) and 2,6-lutidine (2.4 mL, 21 mmol) were added to the silyl enol ether
made above. Commercial Eschenmoser’s salt (3.94 g, 20.8 mmol) that had been dried
several times with benzene was weighed into a flame dried 100 mL round bottom and
DMF (35 mL) was added. The salt solution was cooled to 0° C. The silyl enol ether
solution was then cannulated into the salt solution and stirred for 1.5 h. Distilled ethyl
acetate was used to dilute the reaction and then the reaction warmed to room temperature
over 20 min. The reaction was quenched with 200 mL of sat. NaHCO3. The organic
layer was washed with 100 mL of brine, dried over MgSO4, concentrated in vacuo, and
stored in the freezer overnight. The product was used in the second Michael reaction
without further purification. Note: Only with the methyl beta side chain was the amine
used directly in the next Michael reaction. In all other cases, the cuprate did not
eliminate the amine. In these cases, the amine was alkylated and eliminated before the
Michael reaction.

OTMS

Trimethyl-[3-methyl-2-(2-methyl-allyl)-cyclohex-1-enyloxy]-silane 2.12
2-Bromopropene (1.8 mL, 21 mmol) was added to a flame-dried 100 mL round-bottom
flask. Ether (42.0 mL) was added to the flask and the solution cooled to -78° C. A 1.7 M
solution of t-butyllithium (21.0 mL, 35.7 mmol) was added in a dropwise fashion and
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then the reaction stirred for 1 h at -78° C. The solution was allowed to warm to room
temperature, wrapped in Al foil, and stored in the freezer overnight. To a flame-dried
250 mL round bottom flask, 1.86 g (20.8 mmol) of copper(I) cyanide was added along
with 16.0 mL of ether. The resulting solution was cooled to -78° C. The 2-lithiopropene
solution made above was warmed to room temperature and then added to the flask
containing the CuCN with the use of a cannula. After 5 min at -78° C, the solution was
warmed to 0° C for 15 min and then recooled to -78° C. THF (13.0 mL) and freshly
distilled TMSBr (2.2 mL, 17.0 mmol) were added to the cuprate. After 20 min, the crude
amine in 7.5 mL of THF was cannulated into the cuprate. The reaction was stirred for 5 h
at -78° C, diluted with hexanes, and then allowed to warm overnight. In some cases, the
reaction stopped stirring after the amine addition, but would start again upon warming.
The reaction was quenched with 100 mL of a 9:1 NH4Cl/NH4OH solution and washed
with 100 mL of dH2O and brine. The organic layer was dried over MgSO4, filtered, and
concentrated in vacuo. An NMR yield of crude product was calculated using
benzaldehyde as an internal standard and integration of the olefin peak in the product
(4.68 ppm). The calculated yield was 21% (normal range 18-35% from the enone). The
structure was tentatively assigned in the crude product mixture (hexanes solvent present)
by NMR. 1H NMR: (CDCl3/ 300 MHz) δ 4.68 (d, J= 14 Hz, 2 H geminal olefinic
protons), 3.11 (d, J= 15 Hz, 0.6 H AB pattern of the methylene group between the two
olefins), 2.48 (d, J=15 Hz, 0.6 H, AB pattern of the methylene group between the two
olefins), 1.66 (s, 3 H, allylic methyl group), 0.16 (s, 8 H, TMS of the silyl enol ether):
unidentified peaks- 3.43 (d, J= 5 Hz, 0.3 H), 2.23-1.88 (m, 3 H), 1.82-1.68, (m, 2.4 H),
1.64-1.55 (m, 2 H), 1.04-0.92 (m, 5 H, partially overlapped with hexanes.).
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OTMS

(3-But-3-enyl-cyclohex-1-enyloxy)-trimethyl-silane 2.15
4-Bromobutene (1.01 mL, 9.95 mmol) was added to a flame dried 50 mL round bottom
flask, ether (20.0 mL) was added and the solution cooled to -78° C. t-Butyllithium
(1.7M, 13.0 mL) was added dropwise to the solution and stirred for 1.5 h. The alkyl
lithium was warmed to room temperature over 1 h, the flask wrapped in Al foil, and then
the mixture stored at -20° C overnight. Copper(I) cyanide (0.913 g, 9.95 mmol) was
weighed into a flame dried 100 mL round bottom flask, ether (7.8 mL) was added and the
solution was cooled to -78° C. The slightly warmed alkyllithium was cannulated into the
copper solution and stirred at -78° C for 10 min and then warmed to 0° C. After 30 min,
the cuprate was cooled back to -78° C. THF (7.8 mL) was added followed by distilled
TMSBr (1.3 mL, 9.95 mmol) after 10 min. Distilled cyclohex-2-ene-1-one (0.65 mL,
6.67 mmol- all equivalents for the sequence were calculated from this value) was added
to a flamed dried 10 mL pear-bottom flask along with 7.4 mL of THF. The enone
solution was cannulated into the cuprate and stirred at -78° C for 5 h. Distilled hexanes
were added to dilute the reaction and the reaction was allowed to warm overnight. The
reaction was quenched with 50 mL of a 9:1 NH4Cl:NH4OH solution and washed with 50
mL of dH2O and brine. The organic layer was dried over MgSO4, filtered, and
concentrated in vacuo. The crude product was used immediately in the alkylation
reaction. The structure was tentatively assigned as the silyl enol ether in the crude
reaction mixture by proton NMR. 1H NMR: (CDCl3/ 300 MHz) δ 5.89-5.71 (m, 1 H,
vicinal olefin proton), 5.07-4.90 (m, 2.7 H, geminal olefin protons with material from
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untrapped ketone overlapping), 4.80 (br s, 1 H, olefin proton of the silyl enol ether), 0.10
(s, 9 H, TMS of the silyl enol ether): unidentified peaks- 2.44 (d, J= 13 Hz, 0.7 H fine
coupling), 2.28 (dd, J= 11 Hz, J= 5 Hz, 1 H), 2.13-2.01 (m, 4.4 H), 2.01-1.94 (m, 4 H),
1.82-1.63 (m, 5 H), 1.62-1.48 (m, 3.4 H), 1.46-1.30 (m, 5 H), 1.20 (br s, 2.4 H), 1.23-1.17
(m, 1.6 H), 1.15-1.02 (m, 2 H), 1.00-0.93 (m, 1 H), 0.92-0.83 (m, 10.4 H).

O

3-But-3-enyl-2-methylene-cyclohexanone 2.16
DMF (34.5 mL) and 2,6-lutidine (2.4 mL, 2.07 mmol) were added to the flask containing
the silyl enol ether 2.15. Commercial Eschenmoser’s salt (3.93 g, 2.07 mmol) that had
been dried several times with benzene was weighed into a flame dried 100 mL roundbottom flask and dissolved in DMF (35.0 mL). The solution was cooled to 0° C. The
silyl enol ether solution was cannulated into the salt solution and stirred for 75 min.
Distilled ethyl acetate was used to dilute the reaction before warming it to room
temperature over 20 min. An additional 75 mL of EtOAc was added along with 200 mL
of sat. NaHCO3. The organic layer was washed with 100 mL of brine, dried over
MgSO4, concentrated in vacuo, and used immediately. Ether (52.0 mL) was added to the
crude amine in portions in order to cannulate the solution into a flame dried 100 mL
round-bottom flask. Methyl iodide (5.2 mL, 83.3 mmol) was added and the reaction
stirred overnight. The ether was removed in vacuo from the salt. MeOH (10 mL) and
CH2Cl2 (40 mL) were added to the salt. A 15% solution of K2CO3 was made with 4.5 g
of salt in 30 mL of dH2O. This solution was added to the Eschenmoser’s salt solution
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and stirred at room temp for 3 h. The layers were separated, and the aqueous layer was
extracted with 2x30 mL CH2Cl2. The combined organic layers were dried over MgSO4,
filtered and concentrated in vacuo. Using benzaldehyde as an internal standard, an NMR
yield of the crude product was calculated, using the overlapping exo-cyclic olefin and
geminal olefin peaks at 5.0 ppm, to be 39% yield (normal range of 20-40%) from the
amount of cyclohex-2-ene-1-one used at the beginning of the sequence. The enone was
immediately purified, though not always to complete purity because of the speed of the
column needed to prevent product decomposition. The product was chromatographed
through silica gel using 1%Et3N and a solvent system of 9:1 hexanes/EtOAc. The enone
was unstable if put in freezer for storage and decomposed by way of a hetero-Diels Alder
reaction. It was used immediately in the Michael reaction for the addition of the alpha
side chain. The structure was tentatively assigned as the enone in a mixture with
unidentified material (hexanes solvent present) by 1H NMR: (CDCl3/ 300 MHz) δ 5.885.72 (m, 2 H, overlapping signals of the vicinal olefin proton and one of the exo-cyclic
methylene protons), 5.14-4.93 (m, 3 H, overlapping signals of the geminal olefin proton
and one of the exo-cyclic methylene protons): unidentified peaks- 2.58 (p, J= 5 Hz, 1 H),
2.44 (t, J=6 Hz, 2.6 H), 2.28 (dd, J= 12 Hz, J= 6 Hz, 0.3 H), 2.09 (q, J= 7 Hz, 2.4 H),
2.02-1.89 (m, 3 H), 1.88-1.77 (m, 1.4 H), 1.50 (s, J= 8 Hz, 2 H), 1.24-1.13 (m, 1 H).

OTMS

[3-But-3-enyl-2-(2-methyl-allyl)-cyclohex-1-enyloxy]-trimethyl-silane 2.18
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2-Bromopropene (1.45 mL, 16.7 mmol) was added to a flame dried 100 mL roundbottom flask, ether (34.0 mL) was added, and the solution cooled to -78° C. tButyllithium (1.7M, 18.5 mL, 31.4 mmol) was added dropwise to the bromide solution
and the resulting mixture was stirred at -78° C for 1.5 h before warming to room
temperature. The reaction was stirred at room temperature while the enone was being
purified. Copper(I) cyanide (1.553 g, 16.7 mmol) was weighed into a flame dried 250
mL round-bottom flask, ether (13.0 mL) added, and the solution cooled to -78° C. The
alkyllithium was cannulated into the copper solution. After 10 min, the cuprate was
warmed to 0° C for 30 min and then cooled back to -78° C. THF (13.0 mL) was added
and then after 5 min, distilled TMSBr (2.2 mL, 16.7 mmol) was added. THF (7.4 mL)
was added to the concentrated enone 2.16 and the solution was cannulated into the
cuprate. The reaction was stirred at -78° C for 5 h, distilled hexanes added to dilute the
solution, and the mixture stirred overnight. The reaction was quenched with 100 mL of
9:1 NH4Cl:NH4OH solution and washed with 100 mL of dH20 and brine. The organic
layer was dried over MgSO4, filtered, concentrated in vacuo, and then stored in the
freezer overnight. Integration of the crude NMR showed the yield of product to be 3%
from cyclohexenone and 8% from the exo-cyclic enone using benzaldehyde as the
internal standard. The structure was tentatively assigned as the silyl enol ether in the
crude reaction mixture by proton NMR. 1H NMR: (CDCl3/ 300 MHz) δ 5.87-5.70 (m, 1
H, butene vicinal olefin proton for both trapped and untrapped material) 5.07-4.93 (m, 2
H, butene geminal olefin protons for both trapped and untrapped material), 4.74-4.63
(distorted t, 0.8 H, propene geminal olefin protons), 3.13 (d, J= 14 Hz, 0.2 H, AB pattern
of the methylene group between the two olefins): unidentified peaks- 3.64 (overlapping

57

dd, J= 8.5 Hz, J= 7.5 Hz, 0.7H), 2.43 (d with fine coupling, J= 15 Hz, 1 H), 2.36-2.32 (m,
0.7 H), 2.28 (dd, J= 12 Hz, J= 6 Hz, 0.8 H), 2.13-1.99 (m, 5 H), 1.34-1.22 (m, 10 H),
0.93-0.81 (m, 7.4 H), 0.09 (s, 3.5 H), 0.07 (s, 3.5 H).

O

Oven dried Et4NOTs (0.247 g, 0.77 mmol) was weighed into a flame dried 3-neck 25 mL
round-bottom flask. MeOH (1.55 mL) and 2,6-lutidine (0.15 mL, 1.24 mmol) were
added to the flask. CH2Cl2 (6.2 mL) was added to the flask containing the silyl enol ether
2.18 from above (calculated 0.21 mmol) and the solution was cannulated into the
electrolysis flask. The flask was equipped with a RVC anode and carbon rod cathode.
The electrolysis was run at 10 mA current until 2 Faradays of current had passed. The
current was turned off, 5 mL of dH2O and ether were added, and the solution was stirred
for 20 min. The aqueous layer was separated and then extracted with 3x10 mL ether.
The combined organic layers were dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified by column chromatography using 9:1
hexanes/EtOAc as the eluant. The presence of new olefin peaks in several of the isolated
products led to the conclusion that some cyclization did occur, but the scale of the
products was small and the purity of the material isolated such that a definitive
conclusion could not be reached.
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TMS
OTMS

3-But-3-enyl-2-(2-trimethylsilanyl-allyl)-1-trimethylsilanyloxy-cyclohexene 2.20
The procedure and purification steps followed that of compound 2.18 using 1.5 mL (9.8
mmol) of (1-bromovinyl)trimethylsilane (calculated from 6.5 mmol of cyclohexenone at
the beginning of the sequence). The product was chromatographed through silica gel
using 1% Et3N and a solvent system of 9:1 hexanes/EtOAc. The purified material was
stored in the freezer overnight. The NMR of the crude product showed the yield to be
50% calculated from cyclohexenone using benzaldehyde as the internal standard. The
crude material was used in an electrolysis reaction using the same conditions as for
compound 2.18. The result of the oxidation reaction was the polymerization of the
material. The structure of the silyl enol ether in the partially purified mixture was
tentatively assigned by proton NMR. 1H NMR: (CDCl3/ 300 MHz) δ 5.92-5.69 (m, 1.7
H, vicinal olefin proton with unidentified material overlapping), 5.04-4.87 (m, 2.3 H,
geminal olefin protons, overlapped with another group, splitting different), 3.30 (d, J= 15
Hz, 1 H, AB pattern of the methylene group between the two olefins), 2.53 (d, J= 15 Hz,
2 H, AB pattern of the methylene group between the two olefins ): unidentified peaks5.50-5.28 (m, 7.4 H), 4.87 (s, 0.4 H), 4.56 (s, 0.4 H), 2.14-1.99 (m, 6 H), 1.97-1.82 (m, 3
H), 1.78-1.68 (m, 2 H), 1.66-1.58 (m, 6.4 H), 1.52-1.45 (m, 4.4 H), 1.32-1.21 (br m, 15
H), 1.10-1.02 (m, 3.6 H), 1.00-0.97 (m, 3 H), 0.91-0.82 (m , 18 H), 0.12-0.06 (m, 87 H,
TMS of silyl enol ether and vinyl silane though contaminated).
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Me
I

5-Iodo-pent-2-yne 2.21
Initially the iodo compound was made from the alcohol using the procedure developed by
Appel and coworkers. Because the iodo-compound eluted with triphenylphosphine when
a gram or more of material was synthesized, the procedure was changed to a
mesylation/elimination approach as described in Chapter 3. 3-Pentyn-1-ol (1.659 g, 19.7
mmol) was weighed into a flame-dried 25 mL pear-bottom flask. Triphenylphosphine
(7.679 g, 29.6 mmol) and imidazole (2.781 g, 39.4 mmol) were added to a flame-dried
100 mL round-bottom flask. CH2Cl2 (56.0 mL) was added to the solids, the solution
cooled to 0° C, and then stirred until the solid completely dissolved. Iodine was weighed
out (6.090 g, 23.7 mmol) and added to the solution, immediately causing an exothermic
reaction, after which the water bath was removed. To the flask containing the alcohol,
8.0 mL of CH2Cl2 was added and the resulting solution cannulated into the reaction-flask.
Typically the reaction was completed within 1 h, but the reaction could be left to stir
overnight. The reaction was concentrated in vacuo, and the orange sludge generated
purified by column chromatography using pentane as the eluant; generally multiple
columns were needed. The product was stored in the freezer, dried over molecular sieves
when used, and best used within 2 weeks of production. Yields varied between 30-90%,
even though by TLC the reaction was complete, because of the difficulty associated with
loading the material onto the column and the multiple columns used. The product NMR
matched the literature.17

60

OTMS

Trimethyl-(3-pent-3-ynyl-cyclohex-1-enyloxy)-silane
For the Michael addition of the alkyne beta side chain, the same procedure was used as in
the synthesis of compound 2.15 using 1.193 g (6.1 mmol) of 5-iodopent-2-yne and 4.1
mmol of cyclohex-2-ene-1-one. Calculated yields were generally lower for the crude
alkyne Michael reaction product, in the range of 30-75% due to Wurtz-coupling. Many
times the reaction stopped stirring until it warmed overnight. This also resulted in lower
yields and in some cases no reaction. The structure was tentatively assigned as the silyl
enol ether in the crude reaction mixture by proton NMR. 1H NMR (CDCl3/ 300 MHz): δ
4.78 (s with fine coupling, 1 H, olefin proton of the silyl enol ether), 1.78 (t, J= 3 Hz, 6
H, alkyne Me in addition to the Wurtz coupling product signal), 0.18 (s, 10 H, TMS of
silyl enol ether with unidentified material): unidentified peaks: 2.43-2.30 (m, 0.6 H),
2.29-2.21 (m, 1.4 H), 2.20-2.10 (m, 3.4 H), 2.20-1.93 (m, 3 H), 1.76-1.64 (m, 3 H), 1.631.52 (m, 4 H), 1.46 (p with some overlap, J= 7 Hz, 3 H), 1.30-1.24 (s within a m, 2.5 H),
1.15-1.02 (m, 1 H), 0.92- 0.83 (m, 3 H).

O

2-Methylene-3-pent-3-ynyl-cyclohexanone 2.23
The same procedure and purification steps were used as in the synthesis of compound
2.16, in this case using 12.8 mmol of Eschenmoser’s salt (calculated from 4.12 mmol of
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cyclohexenone at the beginning of the sequence). The range of yields was from 17-40%
calculated from cyclohexenone. The lower yields were most likely due to the finicky
nature of the first Michael reaction. The enone was used immediately after partial
purification in the next Michael reaction. The structure was tentatively assigned as the
enone in a mixture with unidentified material (with hexanes solvent present) by proton
NMR. 1H NMR: (CDCl3/ 300 MHz) δ 5.82 (t, J= 1.5 Hz, 1 H, one of the exocyclic
olefin protons), 5.16 (t, J= 1.5 Hz, 1 H, one of the exocyclic olefin protons), 2.20 (dp, J=
5Hz, J= 2.6 Hz, 2 H, methylene adjacent to the alkyne), 1.78 (t, J=2.5 Hz, 3 H, alkyne
Me): unidentified peaks- 3.99 (s, 0.3 H), 2.75 (br p, J=5 Hz, 0.8 H, 2.44 (t, 6 Hz, 2 H),
2.01-1.90 (m, 2 H), 1.89-1.82 (m, 0.8 H), 1.67 (dd, J= 14Hz, J= 7 Hz, 1.4 H), 1.64-1.49
(m overlapped with H2O peak, 1.4 H).

OTMS

Trimethyl-[2-(2-methyl-allyl)-3-pent-3-ynyl-cyclohex-1-enyloxy]-silane 2.22
The procedure of the second Michael reaction was the same as for compound 2.18 using
0.38 mL (4.12 mmol) 2-bromopropene based upon the 4.12 mmol of cyclohexenone used
in the beginning of the sequence. The NMR yield of the partially purified material (9:1
hexanes/EtOAc packed with 1% Et3N) was calculated as 10% from cyclohexenone using
benzaldehyde as an internal standard. After purification, the material was used
immediately in the electrolysis reaction. The structure of the silyl enol ether in a mixture
with unidentified material was tentatively (with hexanes solvent present) assigned by
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proton NMR. 1H NMR: (CDCl3/ 300 MHz) δ 4.69 (d, J= 14 Hz, 2 H, propene geminal
protons), 3.13 (d, J= 14.7 Hz, 1 H, AB pattern of the methylene group between the two
olefins), 2.45 (d, J=14.7 Hz, 1 H, AB pattern of the methylene group between the two
olefins), 1.77 (t, J= 2 Hz, 3 H, alkyne Me), 1.66 (s, 3 H, allylic Me with unidentified
material overlapping), 0.16 (s, 9 H, TMS of silyl enol ether): unidentified peaks- 3.64
(overlapping dd, J= 8 Hz, J= 7.5 Hz), 2.20-1.92 (m, 6 H), 1.49 (p, J= 4.6 Hz, 2.7 H),
1.44-1.30 (m, 2 H).

OTMS

O

O

OMe

O

RVC/C, 10mA, 2.2F
20%MeOH/CH2Cl2
OMe
2,6-lutidine, Et4NOTs

major product isolated
+ polymerized material

proposed structures of the minor component isolated

The electrolysis reaction procedure was the same as that used for compound 2.18 using a
calculated amount of silyl enol ether of 0.44 mmol, and a current of 10 mA until 2.2F was
passed through the cell. The material was purified using column chromatography with a
9:1 hexanes/EtOAc solvent system. The alkyne methyl peak at 1.77 ppm and the allylic
methyl at 1.66 ppm were present in all of the isolated material. Most of the material
isolated was the ketone resulting from the hydrolysis of the silyl enol ether. Some
isolated material was from polymerization (Figure 2.4). One fraction contained material
tentatively identified as oxidized material in which the presence of olefin and methyl
peaks lead to the conclusion that the radical cation formed but underwent the elimination
of an adjacent proton or trapped methanol and led to methoxylation of the olefin (Figure
2.5).
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OTMS

(2-(trans-But-2-enyl)-3-pent-3-ynyl-cyclohex-1-enyloxy)-trimethyl-silane 2.26
The procedure and purification of the second Michael reaction was the same as the one
used for compound 2.18, this time employing 0.30 mL (3.0 mmol) of trans-1bromopropene calculated from 3.0 mmol of the exo-cyclic methylene collected in the
previous step; initially calculated from 4.8 mmol of cyclohexenone used at the beginning
of the sequence. The NMR yield of crude material was calculated as 15% (range 5-15%)
from cyclohexenone using benzaldehyde as an internal standard. After partial
purification by column chromatography using a 19:1 hexanes/EtOAc solvent system
packed with 1% Et3N, the material was used immediately in the electrolysis reaction.
The structure of the silyl enol ether in a mixture with unidentified material was
tentatively assigned by proton NMR. 1H NMR: (CDCl3/ 300 MHz) δ 5.51-5.27 (m, 2 H,
trans-olefin protons), 3.05 (dd, J= 14.5 Hz, J= 5 Hz, 1 H, AB pattern of the methylene
group between the two olefins), 2.43 (dd, , J= 14.5 Hz, J= 5.5 Hz, 1 H, AB pattern of the
methylene group between the two olefins), 1.78 (t, J= 2.3 Hz, 4 H, alkyne Me with
unidentified material overlapping), 1.65 (d, J= 6 Hz, 4.7 H, allylic Me with unidentified
material overlapping), 0.16 (s, 9 H, TMS of the silyl enol ether): unidentified peaks- 2.231.91 (m, 7 H), 1.75- 1.68 (m, 2 H), 1.53-1.43 (m, 2.7 H), 1.42-1.28 (m, 2 H), 0.93-0.83
(m, 1.6 H).
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OTMS

RVC anode/C cathode
2,6-lutidine
LiClO4
THF:MeOH 4:1
10mA

O

2-But-2-enyl-3-pent-3-ynyl-cyclohexanone

LiClO4 (0.084 g, 0.7 mmol) was weighed into a flame dried 3-neck 25 mL round-bottom
flask. MeOH (1.5 mL) and 2,6-lutidine (0.15 mL, 1.2 mmol) were added to the flask.
THF (5.9 mL) was then added to the flask containing the silyl enol ether (calculated 0.19
mmol) and the resulting solution cannulated into the electrolysis flask. The reaction flask
was equipped with a RVC anode and a carbon rod cathode. The electrolysis was run at
10 mA of current until 2.4 Faradays of current were passed. The current was turned off,
and 40 mL of dH2O and 10 mL of ether were added. The aqueous layer was separated
and then extracted with 2x20 mL ether. The combined organic layers were dried over
MgSO4, filtered, and concentrated in vacuo. The signal for the alkyne methyl peak at
1.78 ppm was present in the NMR of the crude material, along with the signal for the
trans double bond at 5.44 ppm. This led to the conclusion that the silyl enol ether was
fully hydrolyzed. The structure of the ketone produced from hydrolysis of the silyl enol
ether as a mixture with unidentified material was tentatively assigned by proton NMR. 1H
NMR: (CDCl3/ 300 MHz) δ 5.56-5.30 ( m, 2 H, trans double bond), 1.77 (t, J= 2.7 Hz, 4
H, alkyne methyl with unidentified material overlapping), 1.64 (bs, 7.7 H, butene methyl
overlapped with another peak)
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Figure 2.6: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2-Oxo-6-(5trimethylsilanyl-pent-3-enyl)-cyclohexanecarboxylic acid 2.9
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Et2O

Et2O

O

TMS

Figure 2.7: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 3-(5-Trimethylsilanylpent-3-enyl)-cyclohexanone
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OTMS

Figure 2.8: 1H NMR (CDCl3, 300 MHz) of tentatively assigned trimethyl-(3-methylcyclohex-1-enyloxy)-silane with benzaldehyde internal standard
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hexs
hexs
H2O

OTMS

Figure 2.9: 1H NMR (CDCl3, 300 MHz) of tentatively assigned Trimethyl-[3-methyl-2(2-methyl-allyl)-cyclohex-1-enyloxy]-silane 2.12
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OTMS

Figure 2.10: 1H NMR (CDCl3, 300 MHz) of tentatively assigned (3-But-3-enyl-cyclohex1-enyloxy)-trimethyl-silane 2.15 with benzaldehyde internal standard
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hexs
hexs

O

Figure 2.11: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 3-But-3-enyl-2methylene-cyclohexanone 2.16 with benzaldehyde internal standard
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hexs
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OTMS

Figure 2.12: 1H NMR (CDCl3, 300 MHz) of tentatively assigned [3-But-3-enyl-2-(2methyl-allyl)-cyclohex-1-enyloxy]-trimethyl-silane 2.18 with benzaldehyde internal
standard
72

hexs
hexs

Proposed
O

Figure 2.13: An example of an isolated product from the electrolysis of 2.18.
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Figure 2.14: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 3-But-3-enyl-2-(2trimethylsilanyl-allyl)-1-trimethylsilanyloxy-cyclohexene 2.20
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Figure 2.15: 1H NMR (CDCl3, 300 MHz) of tentatively assigned trimethyl-(3-pent-3ynyl-cyclohex-1-enyloxy)-silane with benzaldehyde internal standard
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Figure 2.16: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2-Methylene-3-pent-3ynyl-cyclohexanone 2.23
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Figure 2.17: 1H NMR (CDCl3, 300 MHz) of tentatively assigned Trimethyl-[2-(2-methylallyl)-3-pent-3-ynyl-cyclohex-1-enyloxy]-silane 2.22
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O

Figure 2.18: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2-(2-Methyl-allyl)-3pent-3-ynyl-cyclohexanone
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Figure 2.19: 1H NMR (CDCl3, 300 MHz) of tentatively assigned (2-(trans-But-2-enyl)-3pent-3-ynyl-cyclohex-1-enyloxy)-trimethyl-silane 2.26 with benzaldehyde internal
standard
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Figure 2.20: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2-trans-But-2-enyl-3pent-3-ynyl-cyclohexanone (has 2,6-lutidine as a major component)
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Chapter 3: Model system containing gem-methyls
Overview
The synthesis used for building tandem-cyclization substrates needed to be fast,
high yielding, and able to produce stable materials with a variety of side chains. The
previous syntheses were designed to form the tetra-substituted silyl enol ether 3.1 by
Scheme 3.1: Previous synthetic routes producing a silyl enol ether for the electrolysis
O

OTMS

Michael reaction
trapping with TMSBr to
form the tera-substituted
silyl enol ether

refroming the
enolate caused a
mixture of
regioisomers

O

3.2

3.1

trapping the product of a Michael reaction because forming the enolate from a ketone like
3.2 produced a mixture of regioisomers. Since trapping the Michael product proved to be
problematic, we decided to eliminate the regiochemical issue associated with
deprotonating the ketone by blocking the unsubstituted alpha carbon. One way to
accomplish this would be to start with an enone having gem-methyls on the alpha carbon
Scheme 3.2: Diversifying the model system substrate
O

O
Michael
reaction
adding R1

(n )

O

OR3
R2
enolization

alkylation
(n )

(n )
R1

R2
(n )

R1

R1

opposite the enone double bond (Scheme 3.2). This would enable a fast synthetic route
with stable intermediates that could be produced in large quantities by a Michael reaction
and then an alkylation. The final enol ether can only be formed in one direction from the
ketone. With this method, the beta-chain relay R1 can be an alkyne or an olefin to
compare the compatibility of each group with the tandem cyclization. The alpha-chain
terminating olefin R2 can be changed to determine if the cyclization is affected by the
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second oxidation step and the type of cyclization, such as 5-exo or 6-endo. The initiating
olefin R3 can also be diversified by forming a silyl enol ether or a alkyl enol ether.
The reactions to produce the electrolysis substrate were not initially optimized.
They were done quickly to obtain some pure electrolysis material so we could determine
if the tandem cyclization was really possible. It was our intention to return to the
reactions and optimize the conditions and yields when the cyclizations were successful.
With this in mind, the following procedures are close to being optimized, but not all of
the reactions had the products completely isolated and purified for determining the exact
reaction yield. In these cases, the pure product separated on a first chromatography
attempt was carried forward, while any product that remained impure was pooled
together with the impure products of other reaction attempts and then isolated.
The initial syntheses of this model system taught us a number of important items
concerning the overall route. At first, a 3-butenyl was selected as the beta side chain and
a TIPS or TBS silyl enol ether was selected as the olefin for the initial oxidation. During
attempts to make this substrate, we were able to construct ketone 3.3, though could not
isolate it cleanly. We then ran into trouble making the silyl enol ether 3.4. Presumably,
the problem making the silyl enol ether was due to steric hindrance associated with the
gem-methyls and alpha side chain interacting with the large silyl group. After a Michael
reaction with the alkyne side chain, the alkylation reaction proceeded to form the desired
product 3.5 in high yield. The products from the alkylation reaction were isolated in a
very pure form. From the NMR spectra of these products, we learned that dialkylated
material was also isolated. From these observations, we made changes to hydrolyze the
silyl enol ether from the Michael reaction and purify before alkylation. Because of the
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Scheme 3.3: Observations leading to changes in the substrate synthesis
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difficulty making the final silyl enol ether, we also decided to use a methoxyenol ether as
the oxidation substrate initiating olefin. The methoxy enol ether was chosen because it
could be isolated and then serve as a stable substrate for the electrolysis reaction. These
changes are fully discussed later in this chapter.

Starting material synthesis
2,2-Dimethylcyclopentanone 3.6 is commercially available, while the enone or
the substituted six-membered ring are not. This forced us to synthesize the enone, which
could be accomplished by a Saegusa reaction or alpha halogenation and elimination from
3.6. The Saegusa reaction was chosen first because I had a lot of experience making silyl
enol ethers and the literature suggested that the Pd-step would proceed in high yield.1
Producing the silyl enol ether was accomplished with a deprotonation using tert-butyl
lithium and trapping with distilled TMSBr. The silyl enol ether product was produced in

83

moderate yields averaging 50% by NMR analysis. The silyl enol ether was volatile when
using the rotavap to concentrate it from ether. Most of the ether could be removed by
using a programmable vacuum pump rotavap at 30° C and 800 mbar, or by distillation.
The Saegusa reaction was accomplished using Pd(OAc)2 in acetonitrile overnight. The
workup consisted of filtering the crude product through Celite to remove as much
palladium as possible and then extracting as normal. A small amount of enone 3.7 was
isolated as a crude product after concentrating in vacuo. When the reaction was
Scheme 3.4: Enone synthesis by a Saegusa oxidation
and alpha bromination-elimination sequences
O

1) t-BuLi, TMSBr
Et2O ~50%
controlled vacuum conc.

O

2) Pd(OAc)2, MeCN
could not purify
3.6

3.7
1) CuBr2, MeOH, rt
2) LiCl, DMF 125°C
micro-distillation
removal of ether
70-80%

monitored by NMR, the reaction went to full conversion. Hence, it was determined that
the enone was evaporating with the ether when the solvent was removed in vacuo. The
boiling point of the enone according to literature2 is 155-160° C, so disappearance of the
enone on the rotavap was surprising. The ether could be fractional distilled at ambient
pressure without loss of the enone. A small amount of palladium remained in the organic
layers after concentration. This could not be removed because it was found that enone
3.7 was unstable to silica gel, silica gel treated with triethylamine, silver impregnated
silica gel, and C-18 reverse-phase gel. The Michael reaction was attempted with the
impurities present, but it did not proceed. This was discouraging because the slightly
impure enone was being produced efficiently.
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Another attempt to produce the enone was made via an alpha brominationelimination sequence (Scheme 3.4). The bromination was carried out using three
equivalents of copper(II) bromide in refluxing methanol overnight according to literature
precedent.3 This resulted in a mixture of mono-brominated and predominately dibrominated products. It was found when using two equivalents of CuBr2 in methanol at
room temperature, the reaction could be monitored by NMR for the appearance of the
monosubstituted product identified by the triplet at 4.2 ppm and loss of the ketone
starting material by monitoring the disappearance of the gem-methyl peak at 1.0 ppm.
The reaction was quenched when a triplet for the dibrominated ketone appeared at 1.98
ppm (the second triplet of the dibrominated material was under MeOH at 2.84 ppm). The
elimination reaction4 was carried out using lithium chloride in refluxing DMF. This
reaction could also be monitored by NMR for loss of the triplet at 4.2 ppm. DMF needed
to be fully removed from the organic layers during work up because its presence stopped
the subsequent Michael reaction. The ether from the workup was removed from the
enone by distillation using a short-path still head and then micro-distillation.5 The enone
solution did contain small amounts of ketone 3.6, sometimes brominated ketone and
remaining ether. This mixture could be used in the Michael reactions without
interference by these impurities. The weight percentage of enone in the mixture was
calculated by NMR peak integrations, and was usually in the range of 65-85% of the
mixture. The overall crude yield of the enone was in the range of 70-80%.
With this success, we moved forward with Michael reaction using the anion of 3.8
for the cuprate. It was at this point that the problem of triphenylphosphine eluting with
the iodoalkyne 3.8 forced us to avoid Mitsunobu-type approaches to synthesizing the
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iodoalkyne from the alcohol (See Scheme 2.15 and the associated discussion). Using a
mesylation-substitution sequence solved these difficulties (Scheme 3.5).6 The mesylation
was straight forward using triethylamine and mesyl chloride. The substitution reaction
Scheme 3.5: Synthesis of 5-iodopetn-2-yne via mesylation-substitution route
1) MsCl, Et3N
MeOH reflux
2) NaI, acteone
rt->reflux
HO

I
50-70%

3.8

was conducted in acetone using sodium iodide overnight at room-temp and then refluxing
for two hours before work up. Yields of the iodide 3.8 were generally in the range of 5070%. While the yield of the iodide was lower than desirable, purification of the product
was easy and quantities of up to 8 grams could be readily generated. Ideally, the iodo
product should be used within two weeks. Storage for longer periods of time resulted in
low yielding or failed Michael reactions. The iodide was stored in the freezer and then
dried over molecular sieves before use in the subsequent lithiation reaction.

Electrolysis Substrate Synthesis
The Michael reaction was completed implementing the same procedure employed
with the previous substrates (Chapter 2). 5-Iodo-2-pentyne 3.8 was lithiated with tertbutyllithium via halogen-metal exchange in ether at -78° C for an hour. The reaction
formed a solid suspension that was then warmed to room temperature over an hour. The
resulting alkyl lithium reagent was cannulated into a copper(I) cyanide in ether solution
at -78° C, using THF to rinse any remaining solid into the cuprate solution. The cuprate
was warmed to 0° C for 30 minutes and then cooled back to -78° C. Distilled TMSBr
was added to the cuprate. A solution of enone 3.7 in THF was added, the reaction stirred
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Scheme 3.6: Michael reaction of the alkyne side chain onto the substituted enone
1)

tBuLi
Me
Et2O
Me

I

O

OTMS

Li

+
2) CuCN, TMSBr
Et2O:THF 1:1
3) enone addition

Me

Me
Wurtz-coupling product

3.9

3.7

at -78° C for 4-5 hours, and then the resulting mixture allowed to stir at room-temp
overnight. If the cuprate was not stirred vigorously, it would become thick and stop
stirring until it warmed. When this happened, the majority of these Michael reactions did
not proceed efficiently. The Michael reaction on the gem-methyl cyclopentenone did not
proceed as well as it did with cyclohexenone. In addition, the reaction formed the Wurtzcoupling partner of the alkyne as a major byproduct.7
The alkylation to put in the alpha side chain was attempted by reforming the
enolate from the silyl enol ether with MeLi and then adding an alkyl bromide.
Surprisingly this resulted in a large percentage of dialkylated material. The products
could not be separated well using column chromatography so the isolated material was
not pure. At first, the NMR of the material led us to believe that the majority of the
isolated material was the mixture of the diastereomers of the alkylated product. When
Scheme 3.7: Changing alkylation conditions to avoid dialkylation
OTMS

O

O

1) MeLi
2) RBr

R
R
+

1N H2SO4/THF
O

O
1) B2) RBr

R
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+ starting material

R

this “diastereomeric” mixture was used to form the silyl enol ether electrolysis substrate,
no changed in the NMR was detected. After isolating very clean material, integration of
the NMR spectrum indicated that the main product was the dialkylated material.
Dialkylation was difficult to avoid because the Michael product could not be
purified without hydrolysis of the silyl enol ether. Hence, it was difficult to calculate an
accurate amount of MeLi needed. Changing conditions for the enolate reformation and
alkylation did not stop the dialkylation from occurring. Eventually it was decided that
hydrolyzing the silyl enol ether and purifying the ketone would be a better alternative. In
this way, an accurate measurement of the quantity of starting material could be made and
excess base avoided. The result was that the alkylation reaction could be stopped before
dialkylation became a major byproduct. Any remaining ketone starting material could be
recycled. In this way, the amount of material lost to dialkylation was minimized.
The first substrate 3.10 synthesized in this manner had a beta side chain
containing the alkyne and an alpha side chain containing a 2-substituted propene. This
substrate required a 6-endo ring closure for the second cyclization. Initially, alkylation
on the silyl enol ether from the Michael reaction was attempted by using the closest
calculation of one equivalent of MeLi at 0° C to the silyl enol ether as possible.
Formation of the enolate in this manner was done in THF for one hour. The alkyl
bromide was then added to this mixture and the reaction allowed to warm and stir
overnight. The reaction afforded the monoalkylated product in the range of 25-40%, with
on average, 25% of the dialkylated material and some recovered ketone. For the alternate
method, the silyl enol ether was hydrolyzed at room temp using 3.8:1 THF/ 1N H2SO4.
The ketone could then be easily purified by column chromatography. The ketone was
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isolated in moderate yields in the range of 35-50% after the Michael reaction and
hydrolysis sequence.
A variety of alkylation conditions were attempted using either n-BuLi, t-BuLi,
and NaHMDS as the base. All led to formation of mono and dialkylated products.
Eventually, it was found that LiHMDS gave the most monoalkylated material, although
Scheme 3.8: Alkylation of the alpha side chain capable of a
6-endo cyclization
1) 1N H2SO4/THF
35-50%
OTMS
2) t-BuLi, Et2O

O

Br
25-35%
3.9

3.10

this discovery was made after the synthesis of 3.10. Substrate 3.10 was synthesized using
2.2 equiv of t-BuLi as the base and 1.1 equiv of the alkyl bromide in an ether solution of
the ketone. The isolated yields of monoalkylated product ranged from 25-35%.
The resulting ketone was converted to a ketal using a method utilized by Feili
Tang8 in his synthesis of ene diol ethers. This was accomplished by treating the alkylated
ketone 3.10 with 20 equiv. of trimethyl orthoformate and a catalytic amount of ptoluenesulfonic acid in methanol. The solution was refluxed for 2 hours. If the reaction
continued for longer periods of time, the alpha side chain was also methoxylated. This
product did not undergo elimination back to the needed olefin. In general, the reaction
was run until approximately 50% conversion by TLC. After the reaction was cooled to
room temperature, triethylamine was added and the mixture stirred for 30 minutes to
eliminate the ketal to the enol ether.

The material isolated from the reaction was

approximately a 1:4 mixture of ketal and enol ether 3.11 in an overall yield of 50%, a
small amount of methoxylated side chain byproduct, and recovered starting material that
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was then recycled. Several attempts were made to eliminate the remaining ketal to the
enol ether, but it seems the thermodynamic ratio was 4:1 enol ether/ketal because the
ketal could never be driven to full elimination. The ketal and enol eluted together and
could not be separated.
The mixture of ketal and enol ether was subjected to the electrolysis using 20%
methanol in THF containing 2,6-lutidine and tetraethylammonium tosylate. After 8 mA
of current was passed through the reaction for 2.1F, the reaction was worked up and
purified (Scheme 3.9). An NMR of the crude reaction mixture showed that the allyl
Scheme 3.9: Substrate synthesis and electrolysis result of the alkyne relay and 6-endo second cyclization
O

OMe
Et4NOTs, 2,6-lutidine
20% MeOH in CH2Cl2
RVC/C 2.1F 8mA

(CH3O)3CH,
TsOH,
MeOH, Et3N
3.10

3.11

OMe

MeO OMe

O

X
O

3.12

methyl, alkyne methyl and olefin peaks were preserved. All evidence indicated that the
cyclization did not occur. The crude product was mainly a mixture of starting material
and a small amount of material that oxidized. This oxidized material was initially in the
ketal form, but upon standing, the ketal peaks disappeared. This material is tentatively
identified as the internal enone 3.12 resulting from elimination of a proton from the
radical cation (NMR in Figure 3.1). A low-resolution mass spectrometry spectrum was
performed on the impure isolated material. The main component corresponded to the
eliminated product mass. The subsequent oxidation products were compared to this
result to tentatively assign the oxidation products. The gem-methyls on the ring were no
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longer at separate chemical shifts, indicating a loss of stereochemistry on the ring.
Changing the solvent system to 20% MeOH in CH2Cl2 did not change the outcome of the
electrolysis reaction. From this result, we could not determine if the alkyne was not
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H1
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1.7025
1.7486

acetone
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Figure 3.1: NMR of isolated
material from the electrolysis
assigned as the internal enone
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trapping the radical cation, or if the alkyne did trap but then reversed because the 6-endo
second cyclization was too slow or did not happen at all. A substrate with a side chain
that would produce a fast 5-exo type second cyclization was then synthesized to separate
these possibilities.
The substrate 3.14 was synthesized in the same manner described above (Scheme
3.10). The Michael reaction followed by hydrolysis formed the unalkylated ketone with
the alkyne-containing beta side chain 3.13. Alkylating to partial conversion with
dimethylallyl bromide using 1.3 equiv LiHMDS in THF at 0° C gave monoalkylation and
recovered starting material with a minor amount of the dialkylated material. The reaction
was quenched after about fifty percent conversion, giving 25-45% yield of the
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Scheme 3.10:Synthesis of electrolysis substrate able to do 5-exo second cyclization
1)
O

tBuLi
Me

O

Et2O
Me

I

OMe

1) LiHMDS, THF
25-45%

Br
2) (CH3O)3CH,
TsOH, MeOH
b) Et3N, Et2O

Li

2) CuCN, TMSBr
Et2O:THF 1:1
3) enone addition
4) workup
5) 1N H2SO4, THF
35-50%

3.13

3.14
MeO

OMe

30% of a 1:1 mixture

monoalkylated product. The impure recovered ketone 3.13 was then recycled.
Ketalization was also conducted until partial conversion to discourage methoxylation of
the side chain. The reaction was worked up to remove the excess orthoformate. The
combined organic layers from the workup were treated with 6 equivalents of
triethylamine and stirred for 2-3 hours. This was done in the hope that it would push the
elimination further towards the enol ether 3.14. The attempt was not successful and a 1:1
mixture of ketal and enol ether products was formed. The electrolysis was conducted
Scheme 3.11: Electrolysis of the alkyne relay and 5-exo second cyclization substrate

Enol ether and ketal mixture

Et4NOTs, 2,6-lutidine
20% MeOH in CH2Cl2
RVC/C 2.1F 6 mA

MeO

O

X
O

OMe

+

under the same conditions described above in a 20% MeOH/CH2Cl2 solvent system at 6
mA of current. Once again, the NMR of the crude reaction product showed no evidence
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of cyclized material. The allyl and alkyne methyl peaks were still present with the
addition of a new set of doublets at 6.33 ppm and 6.01 ppm. Upon isolation of the
products, it was concluded that the radical cation again underwent elimination to form
enones. The olefin (peaks at 6.33 ppm and 6.01 ppm) resulting from elimination exo to
the ring and in conjugation with the terminating olefin was still in the form of the ketal
(peaks at 3.38ppm and 3.04 ppm). Figure 3.2 shows the NMR of the isolated elimination
product as a mixture; the major component being the starting material ketal. The olefin
resulting from the elimination endo to the ring was isolated as the enone in a smaller
quantity than the exo enone. Since the 5-exo cyclization has been shown to readily
occur in olefin coupling reactions,9 this led us to believe that the alkyne was not trapping
the radical cation to complete the initial cyclization. To prove this, the beta side chain
was changed to a trisubstituted olefin. Trisubstituted olefins are excellent trapping
groups for anodic olefin coupling reactions.10
Using the anion derived from 5-bromo-2-methylpent-2-ene to generate the
cuprate for the Michael reaction to introduce the beta side chain produced an
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approximately 43% yield of ketone 3.15. Alkylation with the 4-bromo-2-methyl-2butene led to 13% of the recovered starting material, 19% of the desired monoalkylated
material, and 35% the of dialkylated material. Ketalization of the monoalkylated product
Scheme 3.12: Synthesis of the tri-substituted olefin relay substrate
1)

Br tBuLi

O

1) LiHMDS, THF
mono-sub 19%
O

Li Et2O
2) CuCN, TMSBr
Et2O:THF 1:1
3) enone addition
4) workup
5) 1N H2SO4, THF
43%

OMe

Br
2) (CH3O)3CH,
TsOH, MeOH
b) Et3N, Et2O
enol ether 29%

3.15

3.16
MeO

OMe

mixture 1.3:1 ketal: enol
enol ether 29% yield from
recovered starting material

formed a 1.3:1 ratio of ketal to enol ether product with the enol ether being generated in a
29% yield. The electrolysis was conducted on this mixture using the same conditions as
the previous electrolysis reactions at a current of 5 mA. The NMR of the crude oxidation
product again showed no indication of cyclization. As in the previous reactions, NMR
data supported the formation of enone products from elimination reactions. The failure in
this case suggests that the problem in the previous oxidation reactions might not be due to
the alkyne. This was upsetting because the trisubstituted olefins have previously trapped
cations to form quaternary centers similar to the one needed in 3.17. A model of the
Scheme 3.13: Possible steric hindrance between the
relay alkyl group and the gem-methyl substituents
OMe

H
H

OMe

H3C
H

3.17

substrate indicated that the beta chain alkyl group might experience a steric interaction
with the gem-methyls on the five-membered ring when the chain coiled to bring the relay
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olefin near the radical cation (Scheme 3.13). We thought it was plausible that a disubstituted cis-olefin would not have this steric interference between the hydrogen and
the gem-methyls.
The cis-olefin substrate was synthesized by hydrogenation of the alkyne in ketone
3.18. The hydrogentation was accomplished using Lindlar’s catalyst in a methanol
solution that had been sonicated and then saturated with H2 before addition of the alkyne.
The hydrogenation was performed on both the unalkylated and alkylated ketone 3.19
with no affect of the alpha chain olefin. In both cases, the yield of the cis olefin was
greater than 80%. The ketalization reaction was conducted under the same conditions as
the previous substrate. The ratio of ketal to enol ether in this case was 1.6:1. A 14%
yield of the enol ether 3.20 was isolated in the mixture. The electrolysis was run under
the same conditions at 5 mA of current. Again peaks for the olefin of the substrate were
intact in the NMR of the crude reaction mixture with the appearance of a new set of
doublets at 5.9 and 6.3 ppm. After isolation, NMR signals in the separated fractions
again suggesting the formation of the enone products.
Scheme 3.14: Synthesis and electrolysis of the cis-olefin relay substrate
O

O

a) (CH3O)3CH,
TsOH, MeOH
b) Et3N, Et2O
14% enol ether

5mol% Lindlar's cat
H2, MeOH, 81%
3.19

3.18

MeO

OMe

3.20
+ Ketal
1:1.6 enol to ketal mix

OMe

MeO

OMe

Et4NOTs, 2,6-lutidine
20% MeOH in CH2Cl2
RVC/C 2.1F 5mA

It was at this time that we concluded that the cyclization was not feasible using
this model system. The gem-methyls on the ring allowed the synthesis of the electrolysis
95

substrate, but interfered with the desired cyclization. The material subjected to the
electrolysis reaction was a mixture of enol ether and ketal, but the material was pure and
in large enough quantities that definitive conclusions could be made about the result of
the reaction. The ketal should be electrochemically inert and not affect the reaction of the
enol ether. At this point, it appears that the gem-methyls sterically interfere with the
approach of the side chain to the radical cation. This led to elimination reactions from
the radical cation.
At this point, it was clear that the difficulty associated with the synthesis of substrates
for the tandem cyclization was preventing a reasonable, systematic study of the reactions.
While a perfect substrate can be imagined for showing that such a cyclization can work
(oxidation of the substrate used in Sha’s synthesis of Paniculatine), it is hard to envision
the overall approach having the generality needed for a truly useful synthetic tool. With
that in mind, we turned our attention toward elucidating a different application of
electrochemistry as a potential tool for sustainable chemistry.
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Chapter 3 Experimental

O

5,5-dimethylcyclopent-2-en-1-one 3.7
The bromination was accomplished using a modified procedure from Wang, C.; Rath,
N.P.; Covey, D.F. Tetrahedron, 2007, 63, 7977-7984. Only two equivalents of
copper(II) bromide were used. When the reaction was refluxed or allowed to run for long
time periods, dibromination occurred readily. Generally, multiple bromination reactions
were run simultaneously and then the products combined for the subsequent elimination
reaction in order to avoid running the reaction at too large of a scale. The reaction was
stirred at room temperature and monitored by NMR (usually ~4 hours for a 1.5 g scale)
for the appearance of the product alpha proton triplet at 4.2 ppm from TMS and
disappearance of the starting material gem-methyl singlet at 1.05 ppm from TMS. The
reaction was worked up by quenching with 50 mL dH2O, and then addition 100 mL of
brine and 100 mL of ether. The aqueous layer was extracted with 2x50 mL ether, and
then the combined organic layers were washed with 50 mL of sat. NH4Cl, brine, and
dH2O. The organic layer was dried over MgSO4, filtered, and concentrated in vacuo. If
methanol remained when concentrated, the product was redissolved in ether, washed with
water, and drying repeated.
Elimination of the bromide was then conducted using a modified procedure from
Matsumoto, T.; Shirahama, H.; Ichihara, A.; Shin, H.; Kagawa, S.; Sakan, F.; Nishida, S.;
Matsumoto, S.; Saito, K.; Hashimoto, H. Bull. Chem. Soc. Japan, 1972, 45, 1140-1144.
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The bromide and LiCl was placed in a refluxing DMF solution that was maintained
between 120-130° C and monitored by NMR for the disappearance of the alpha proton
triplet at 4.2 ppm from TMS. Workup followed the literature procedure. If DMF
remained in the organic layer, the organic layer was washed with water until DMF was
fully removed because DMF stopped the subsequent Michael reaction. After workup, the
ether solution was distilled until solvent stopped eluting off. The remaining solution was
transferred to a 10 mL round bottom flask and microdistilled. The percentage of enone in
solution was calculated by comparing the product, the starting ketone, and ether by
proton NMR peak integration. The product was stored over 4Å molecular sieves. The
NMR of the product matched the literature.

Me
I

5-iodopent-2-yne 3.8
A modified procedure from Hewson, A.T.; MacPherson, D.T. J. Chem. Soc. Perkins
Trans. 1985, 2625-2635 was used. The mesylation reaction was run at 0° C and worked
up by quenching with dH2O, extracting twice with CH2Cl2, and washing with dH2O and
brine. The combined organic layers were dried over MgSO4, filtered and concentrated in
vacuo. The crude oil was dried with 4Å molecular sieves, dissolved in dry acetone and
cannulated into a flame dried round-bottom flask already containing 2 equivalents of
sodium iodide. The literature procedure was followed for the remaining reaction and
workup. Column chromatography of the crude product oil was done using silica gel and a
9:1 hexanes/ethyl acetate solvent system. The product was stored at -20° C, and was best
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used within two weeks of preparation. Before the product was used in a Michael reaction,
it was dried over molecular sieves. The NMR of the product matched the literature.

Note: The reactions to produce the electrolysis substrate were not initially optimized.
They were done quickly to obtain some pure electrolysis material to determine if the
cyclization would happen with the intention to return to the reactions and optimize the
conditions and yields when and if the cyclization was successful. The following
procedures are most likely close to being optimized, but not all of the reactions had the
products completely isolated to determine yields. The amount that separated pure on the
first column attempt was carried forward, while any product that eluted impure was
pooled together with impure material from other reactions and then isolated.

O

2,2-Dimethyl-4-pent-3-ynyl-cyclopentanone 3.13
5-Iodopent-2-yne (2.03 g, 10.4 mmol) was weighed into a flame-dried 25 mL pearbottom flask containing activated 4Å molecular sieves. Anhydrous diethyl ether (21.0
mL) was added, the solution was cannulated into a flame-dried 50 mL round-bottom
flask, and then the mixture cooled to -78° C. t-Butyllithium (13.5 mL, 1.7 M, 23.0
mmol) was added dropwise over 5 min to the solution. The reaction was stirred at -78° C
for 1 h and then allowed to warm to room temperature over 1 h forming a yellow
suspension. CuCN (0.939 g, 10.4 mmol) was weighed into a flame-dried 100 mL round-
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bottom flask, anhydrous diethyl ether (8.0 mL) was added and the solution was cooled to
-78° C. The room-temp alkyl lithium solution was cannulated into the flask containing
the CuCN; 8.5 mL of THF was used to rinse the lithiation reaction flask and help
cannulate the alkyllithium into the cuprate solution. The cuprate was maintained at -78°
C for 10 min and then warmed to 0° C for 30 min before cooling again to -78° C. Upon
warming, the cuprate became a black tar-like suspension that sometimes stopped stirring
if the stir-plate was not at a high setting. After 10 minutes at -78° C, 1.4 mL (10 mmol)
of distilled TMSBr was added to the cuprate. 5,5-Dimethylcyclopent-2-en-1-one (0.577
g, 5.2 mmol) was weighed into a flame dried 10 mL pear-bottom flask and 5.8 mL of
THF was used to cannulate the enone into the cuprate 15 min after the TMSBr addition.
The reaction was maintained at -78° C for 4-5 h and then allowed to warm overnight.
The reaction was quenched with 50 mL of 9:1 NH4Cl/NH4OH solution. The reaction was
then washed with 50 mL of dH2O and brine. The organic layer was dried over MgSO4,
filtered, and concentrated in vacuo by rotary evaporator distillation. The resulting thick
brown oil/suspension was dissolved in 38 mL of THF and 10 mL of 1 N H2SO4 and
stirred at room temperature overnight. The reaction was quenched with 20 mL of sat.
NaHCO3. The aqueous layer was extracted with 2x20 mL Et2O. The combined organic
layers were washed with dH2O and brine, dried over MgSO4, and filtered. After
concentration in vacuo, the crude mixture was purified on a silica column using a 9:1
hexanes:ethyl acetate solvent system. A 35-50% yield of the yellow oil was isolated. 1H
NMR (CDCl3/ 300MHz): δ 2.55 (ddd, J= 18 Hz, J= 7 Hz, J= 2 Hz, 1 H), 2.40-2.24 (m, 1
H), 2.19 (dp, J= 5 Hz, J= 2 Hz, 2 H), 2.01 (ddd, J= 13 Hz, J= 6 Hz, J= 2 Hz, 1 H), 1.85
(dd, J=18 Hz, J= 11 Hz, 1 H), 1.78 (t, J= 2 Hz, 3 H), 1.61 (q, J= 7 Hz, 2 H), 1.36 (t, J=12
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Hz, 1 H), 1.08 (s, 3 H), 1.03 (s, 3 H); 13C (CDCl3/ 75 MHz) 221.9, 78.7, 76.1, 46.4, 45.4,
44.2, 35.6, 32.2, 24.6, 24.5, 17.5, 3.7; IR (neat KBr) cm-1: 2960, 2922, 2862, 1740, 1466,
1456, 1117, 1075, 835; HRMS (ESI-POS) calc for C12H18O [M + Na]+ 210.1256, found
201.1260.

O

2,2-Dimethyl-5-(2-methyl-allyl)-4-pent-3-ynyl-cyclopentanone 3.10
Ketone 3.13 (0.180 g, 1.0 mmol) was weighed into a flame dried 25 mL round bottom
flask with activated 4Å molecular sieves. Ether (10.5 mL) was added and the resulting
solution cooled to -78° C. t-BuLi (1.4 mL, 1.7M pentane, 2.2 mmol) was added to the
solution and stirred for 10 min at -78° C then warmed to 0° C for 30 min. 3-Bromo-2methylpropene (0.13 mL, 1.1 mmol) was added to the solution at -78° C and stirred for
30 min. The reaction was warmed to room temperature and stirred overnight. The
reaction was quenched with 15 mL of dH2O. The aqueous layer was extracted with 2x15
mL Et2O and the combined organic layers were washed with 20 mL of brine. The
organic layer was dried over MgSO4, filtered and concentrated in vacuo. The crude was
purified by a silica column with a 19:1 hexanes:ethyl acetate solvent system. The product
was isolated in yields ranging from 25-35%. 1H NMR (CDCL3/ 300MHz): 4.77 (d, J= 5
Hz, 2 H), 2.46 (dd, J= 14 Hz, J= 4 Hz, 1 H), 2.31-2.08 (m, 3 H), 2.08-1.92 (m, 4 H), 1.78
(t, J= 2 Hz, 3 H), 1.71 (s, 3 H), 1.39-1.20 (m, 3 H), 1.09 (s, 3 H), 0.98 (s, 3 H);
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13

C(CDCl3/ 75MHz): 223.6, 143.4, 112.7, 78.6, 76.6, 52.6, 45.1, 43.0, 38.0, 38.0, 34.3,

25.0, 24.5, 22.5, 16.6, 3.4; IR (neat KBr) cm-1: 3074, 2960, 2920, 2860, 1738, 1647,
1454, 1443, 1379, 1125, 1071, 1032, 891; HRMS (ESI-POS) calc for C16H24O [M + Na]+
255.1725, found 255.1731.

Dialkylated material (due to a small quantity of material and the difficulty of separating
an unknown impurity even with several attempts, the material is tentatively assigned):
5,5-Dimethyl-2,2-bis-(2-methyl-allyl)-3-pent-3-ynyl-cyclopentanone: 1H NMR
(CDCl3/ 300 MHz): 4.84 (d with fine coupling, J= 17 Hz, 2 H), 4.62 (d, J= 17 Hz, 2 H),
2.78 (d, J= 14 Hz, 1 H), 2.32-2.17 (m, 2 H), 2.13 (d, J= 14 Hz, 2 H), 2.00-1.89 (m, 3 H),
1.77 (t, J= 3 Hz, 3 H), 1.66 (s, 3 H), 1.60 (s, 3 H), 1.48 (t, J= 12 Hz, 2 H, overlapped with
unidentified m), 1.15 (s, 3 H), 0.96 (s, 3 H).
Unidentified peaks: 4.76 (s, 0.1 H), 2.47 (d, J= 5 Hz, 0.08 H), 0.19-0.04 (m, 0.8 H).

OMe

2-Methoxy-3,3-dimethyl-1-(2-methyl-allyl)-5-pent-3-ynyl-cyclopentene 3.11
Ketone 3.10 (0.200 g, 0.86 mmol) was weighed into a flame dried 25 mL round-bottom
flask along with 9.0 mL of anhydrous MeOH and 2.0 mL (17.2 mmol) of trimethyl
orthoformate. A catalytic amount of TsOH·H2O (0.016 g, 0.09 mmol) was weighed out
and added to the solution. The reaction was refluxed between 65-70° C for 2 h and then
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cooled to room temperature. Triethylamine (anhydrous, 0.25 mL, 1.7 mmol) was added
to the solution and stirred for 30 min. The elimination reaction was quenched with 15
mL of sat. NaHCO3. To this was added 10 mL of ether and the aqueous layer extracted
with 2x15 mL Et2O. The organics were washed with 10 mL of dH2O and brine, dried
over MgSO4, and concentrated in vacuo. Column chromatography (19:1 hexanes/EtOAc)
isolated a light yellow oil in an overall 50% yield. The material isolated was a 4:1 ratio of
the enol ether and ketal. This mixture was used directly in the electrolysis reaction. 1H
NMR (CDCl3/ 300 MHz) (able to purify a small amount of the pure enol ether alone):
4.74 (d, J= 13 Hz, 2 H), 3.69 (s, 3 H), 2.94 (d, J= 16 Hz, 1 H), 2.60 (d, J= 16 Hz, 1 H),
5.54-2.42 (m, 1 H), 2.19- 2.06 (m, 1 H), 2.06-1.92 (m, 1 H), 1.83 (dd, J= 13 Hz, J= 8 Hz,
2 H, slight overlap with the neighboring t), 1.78 (t, 2 Hz, 3 H), 1.70 (s, 3 H), 1.24 (dd, J=
12 Hz, J= 6 Hz, 2 H, overlap with the neighboring m), 1.21-1.14 (m, 1 H), 1.10 (s, 3 H),
1.07 (s, 3 H).

OMe

O
Et4NOTs, 2,6-lutidine
20% MeOH in CH2Cl2
RVC/C 2.1F 8mA
3.12

(4:1 mixture) + ketal

The enol ether/ketal mixture (equivalents calculated for the amount of enol ether in the
mixture: 0.0486 g, 0.197 mmol) was weighed into a flame-dried three-neck 25 mL roundbottom flask. THF (6.0 mL), MeOH (1.6 mL), and 2,6-lutidine (0.19 mL, 1.2 mmol)
were added to the flask. Oven dried Et4NOTs (0.223 g, 0.74 mmol) was weighed out and
transferred into the flask. The flask was equipped with a RVC anode and carbon rod
cathode. The reaction was run at 8 mA until 2.1 Faradays of current had passed through
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the cell. To the solution, 10 mL of dH2O was added. The aqueous layer was extracted
with 2x15 mL Et2O. The combined organic layers were washed with 10 mL of dH2O and
brine, dried over MgSO4, and concentrated in vacuo. The crude material was purified by
column chromatography using 19:1 hexanes/EtOAc as the eluant. The starting ketal was
isolated along with the internal enone 3.12. Due to the scale of the reaction, not enough
material was isolated to be completely purified and fully characterized. The impure
isolated material is tentatively assigned (assignment discussed in the chapter text) by 1H
NMR (CDCl3/ 300 MHz): 4.71 (s, 1 H), 4.56 (s, 1 H), 2.91 (s, 2 H), 2.59 (t, J= 7 Hz, 2
H), 2.46 (s, 2 H), 2.40-2.31 (m, 2 H), 1.75 (t, J= 2 Hz, 3 H), 1.70 (s, 3 H), 1.11 (s, 6 H)
(acetone and hexanes present). A LRMS (ESI-POS) was taken of the isolated impure
material. The major component found corresponded to the eliminated product: calc. for
C16H24O [M + H]+ 231.1750, found 231.3.

O

2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4-pent-3-ynyl-cyclopentanone 3.18
Ketone 3.13 (0.198 g, 1.11 mmol) was weighed into a flame dried 25 mL round-bottom
flask. To this, 11.0 mL of THF was added and the solution cooled to 0° C. LiHMDS
(1.4 mL, 1.0M THF, 1.3 mmol) was added to the solution and stirred for 30 min at 0° C.
3,3-Dimethylallylbromide (0.16 mL, 1.22 mmol) was added to the reaction and the
solution was stirred at 0° C for 30 min, allowed to warm to room temperature, and stirred
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overnight. The reaction was quenched with 10 mL of dH2O. The aqueous layer was
extracted with 2x5 mL Et2O. The combined organic layers were washed with 10 mL of
5% HCl, 20 mL of sat. NaHCO3, and 20 mL of brine. The organic layer was dried over
MgSO4, filtered, and concentrated in vacuo. The crude product was purified by a silica
column with a 19:1 hexanes: ethyl acetate solvent system as eluant. The product was
isolated in a 30-51% yield. 1H NMR (CDCl3/ 500 MHz): 5.05 (t, J= 8 Hz, 1 H), 2.392.27 (m, 3 H), 2.26-2.22 (m, 1 H), 2.18-2.10 (m, 1 H), 2.05-1.97 (m, 2 H), 1.96-1.90 (m,
1 H), 1.88 (h, J=5 Hz, 1 H), 1.78 (td, J= 2 Hz, J= 1 Hz, 3 H), 1.68 (s, 3 H), 1.63 (s, 3 H),
1.40-1.34 (m, 1 H), 1.23 (t, J= 11 Hz, 1 H), 1.07 (s, 3 H), 0.93 (s, 3 H); 13C (CDCl3/ 125
MHz): 223.8, 133.4, 121.1, 78.7, 75.7, 54.9, 45.2, 43.1, 36.0, 34.4, 26.4, 25.8, 24.7, 23.8,
17.8, 16.7, 3.4; IR (neat KBr) cm-1: 2962, 2920, 2857, 1736, 1672, 1454, 1379, 1235,
1067, 857; HRMS (ESI-POS) calc for C17H26O [M + Na]+ 269.1882, found 269.1872.

Dialkylated product: 1H NMR (CDCl3/ 300 MHz): 5.06 (t with fine coupling, J= 7 Hz, 1
H), 4.93 (t with fine coupling, J= 8 Hz, 1 H), 2.34-2.19 (m, 3 H), 2.18-2.07 (m, 3 H),
2.06-1.94 (m, 3 H), 1.87 (dd, J= 12 Hz, J= 6 Hz, 2 H), 1.79 (t, J= 2 Hz, 3 H), 1.78-1.71
(m, 1 H), 1.67 (s, 6 H), 1.61 (s, 3 H), 1.55 (s, 3 H), 1.54-1.46 (m, 1 H), 1.42 (t, J= 12 Hz,
2 H), 1.03 (s, 3 H), 0.91 (s, 3 H);

13

C (CDCl3/ 75 MHz): 225.9, 134.1, 133.44 120.6,

119.9, 78.8, 75.8, 56.4, 44.8, 41.1, 37.8, 33.4, 31.9, 29.1, 26.1, 25.9, 24.6, 24.5, 17.8,
17.8, 17.3, 3.5; IR (neat KBr) cm-1: 2963, 2925, 2863, 2728, 1732, 1693, 1672, 1454,
1378, 1359, 1025, 948, 844; HRMS (ESI-POS) calc for C22H34O [M + Na]+ 337.2507,
found 337.2501.
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OMe

2-Methoxy-3,3-dimethyl-1-(3-methyl-but-2-enyl)-5-pent-3-ynyl-cyclopentene 3.14
Ketone 3.18 (0.370 g, 1.50 mmol) was weighed into a flame dried 25 mL round-bottom
flask. Anhydrous MeOH (15.0 mL) and 3.4 mL (30.0 mmol) of trimethyl orthoformate
were added to the flask. TsOH·H2O (0.29 g, 0.15 mmol) was weighed out and added to
the solution. The reaction was refluxed between 65-70° C for 2 h and then cooled to
room temperature. The reaction was quenched with 15 mL of NaHCO3 followed by 30
mL of ether. The aqueous layer was extracted with 2x20 mL ether, and the organic layers
washed with 20 mL of dH2O and brine. The organic layers were dried over MgSO4 and
filtered into a 100 mL round-bottom flask. To this solution was added Et3N (1.4 mL, 9.0
mmol) and the solution stirred at room temperature for 2-3 h. The elimination reaction
was quenched with 20 mL of dH2O, the aqueous layer extracted with 2x15 mL ether, and
the organic layers washed with 20 mL of dH2O and brine. The organic layers were dried
over MgSO4 and concentrated in vacuo. Column chromatography through silica gel
using 19:1 hexanes/EtOAc as eluant led to a light yellow oil that was a 1:1 ratio of the
enol ether: ketal mixture. The enol ether was obtained in a 30% yield. The mixture of
enol ether and ketal was used directly in the electrolysis reaction. 1H NMR (CDCl3/ 300
MHz) (able to purify a small amount of the pure enol ether alone): 5.07 (tp, J= 7 Hz, J=
1.5 Hz, 1 H), 3.69 (s, 3 H), 2.90 (dd, J= 15 Hz, J= 7 Hz, 1 H), 2.63 (dd, J= 15 Hz, J= 7
Hz, 1 H), 2.57-2.46 (m, 1 H), 2.23-1.94 (m, 2 H), 1.88-1.80 (m, 2 H, slight overlap with
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the alkyne Me peak), 1.78 (t, J= 2.5 Hz, 3 H), 1.69 (s, 3 H), 1.65 (s, 3 H), 1.29-1.16 (m, 3
H), 1.08 (s, 3 H), 1.04 (s, 3 H).

OMe

O

MeO

Et4NOTs, 2,6-lutidine
20% MeOH in CH2Cl2
RVC/C 2.1F 6mA

OMe

+

+ ketal (1:1 mixture)

The enol ether/ketal mixture (equivalents calculated for the amount of enol ether in the
mixture: 0.0419 g, 0.161 mmol) was weighed into a flame-dried 25 mL three-neck roundbottom flask. CH2Cl2 (5.0 mL), MeOH (1.3 mL), and 2,6-lutidine (0.15 mL, 0.96 mmol)
were added to the flask. Oven dried Et4NOTs (0.197 g, 0.60 mmol) was weighed out and
transferred into the flask. The flask was equipped with a RVC anode and carbon rod
cathode. The reaction was run at 6 mA until 2.1 Faradays of current were passed through
the cell. To this solution, 5 mL of dH2O was added. The aqueous layer was extracted
with 2x10 mL CH2Cl2. The combined organic layers were washed with 10 mL of dH2O
and brine, then dried over MgSO4, and concentrated in vacuo. The crude material was
purified by column chromatography through silica gel using 19:1 hexanes/EtOAc as
eluant. The starting ketal was isolated along with the conjugated exocyclic enone and a
small amount of the endocyclic enone. Due to the scale of the reaction, not enough
material was isolated to be completely purified and fully characterized. The impure
isolated material is tentatively assigned by 1H NMR (CDCl3/ 300 MHz):
Exocyclic elimination in ketal form (as a mixture with ketal starting material): peaks
assigned to the exocyclic elimination product- 6.33 (dd, J= 12 Hz, J= 2 Hz, 1 H, a proton
of the conjugated olefin), 6.01 (d with fine coupling, J= 12 Hz, 1 H, a proton of the
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conjugated olefin), 3.34 (s, 3 H, ketal Me of the eliminated product), 3.04 (s, 3 H, ketal
Me of the eliminated product); peaks assigned to the ketal starting material- 5.23 (t, J= 8
Hz, 1.2 H, proton of the trisubstituted olefin), 3.26 (s, 3.8 H, ketal Me), 3.11 (s, 3.8 H,
ketal Me); peaks unidentified to which structure- 2.77 (q, J= 10 Hz, 1 H), 2.31-2.19 (m
overlapping with neighboring group, 1 H), 2.18- 2.05 (m overlapping with neighboring
group, 3 H), 2.05- 1.96 (m overlapping with neighboring group, 3 H), 1.95-1.90 (m , 0.6
H), 1.87 (dd, J= 7 Hz, J= 4 Hz, 0.5 H), 1.83 (s, 3 H), 1.80 (d with overlapping group, J= 2
Hz, 6 H), 1.78 (t, J= 3 Hz, 5.5 H), 1.69 (s, 5.5 H), 1.62 (s, 4 H), 1.45 (dd, J= 12 Hz, J= 6
Hz, 2 H), 1.36- 1.18 (m, 5 H), 1.17 (s, 3 H), 1.10 (s, 4 H), 1.01 (s, 4 H), 0.87 (s, 3 H)
(water present).

Endocyclic enone(a small quantity still in ketal form): 5.00 (t, J= 7 Hz, 1 H), 3.31 (s, 0.6
H, ketal Me), 3.03 (s, 0.5 H, ketal Me), 2.87 (d, J= 7 Hz, 2 H), 2.58 (t, J= 7 Hz, 2 H), 2.40
(s, 2 H), 2.38- 2.29 (m, 2 H), 1.75 (t, J= 3 Hz, 3 H), 1.70 (s, 3 H), 1.66 (s, 3 H), 1.08 (s, 6
H) (water and hexanes present).

O

2,2-Dimethyl-4-(4-methyl-pent-3-enyl)-cyclopentanone 3.15
5-Bromo-2-methyl-2-pentene (1.5 mL, 11.3 mmol) was weighed into a flame dried 50
mL round-bottom flask, anhydrous diethyl ether (23.0 mL) was added, and then the
solution cooled to -78° C. t-Butyl lithium (15.0 mL, 1.7 M, 24.8 mmol) was added
dropwise over 5 min to the solution. The reaction was stirred at -78° C for 1 h and then
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allowed to warm to room temperature over 1 h forming a yellow suspension. CuCN
(1.010 g, 11.3 mmol) was weighed into a flame dried 100 mL round- bottom flask,
anhydrous diethyl ether (9.0 mL) was added, and the solution was cooled to -78° C. The
room-temp alkyl lithium solution was cannulated into the flask containing the copper; 9.0
mL of THF was used to rinse the lithiation reaction flask and ensure quantitative transfer
of the alkyl lithium into the cuprate solution. The cuprate was maintained at -78° C for
10 min, warmed to 0° C for 30 min, then returned to -78° C. After 10 min at -78° C, 1.5
mL (11 mmol) of distilled TMSBr was added to the cuprate. 5,5-Dimethylcyclopent-2en-1-one (0.621 g, 5.7 mmol) was weighed into a flame dried 25 mL pear-bottom flask
and 6.5 mL of THF was added into the flask containing the enone. The enone solution
was cannulated into the cuprate 15 min after the TMSBr addition. The reaction was
maintained at -78° C for 4-5 h and then allowed to warm overnight. The reaction was
quenched with 50 mL of 9:1 NH4Cl/NH4OH solution. The reaction was then washed
with 50 mL of dH2O and brine. The organic layer was dried over MgSO4, filtered, and
concentrated in vacuo. The resulted thick brown oil/suspension was dissolved in 38 mL
of THF and 10 mL of 1N H2SO4. The hydrolysis reaction was stirred at room temperature
for 5-6 h. The reaction was quenched with 20 mL of sat. NaHCO3. The aqueous layer
was extracted with 2x20 mL Et2O. The combined organic layers were washed with 20
mL of dH2O and brine, dried over MgSO4, and filtered. After concentration in vacuo, the
crude mixture was purified on a silica column using 9:1 hexanes:ethyl acetate as the
eluant. The yellow oil was isolated in a 43% yield. 1H NMR (CDCl3/ 300MHz): δ 5.11
(tp, J= 7 Hz, J= 1.3 Hz, 1 H), 2.51 (ddd, J= 9 Hz, J= 7 Hz, J= 2 Hz, 1 H), 2.25-2.08 (m, 2
H), 2.07-1.95 (m, 3 H), 1.84 (dd, J= 18 Hz, J= 11 Hz, 2 H), 1.69 (d, J= 1 Hz, 3 H), 1.61
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(s, 3 H), 1.45 (q, J= 8 Hz, 2 H), 1.36 (t, J= 12 Hz, 1 H), 1.07 (s, 3 H), 1.01 (s, 3 H); 13C
(CDCl3/ 75 MHz): 223.3, 131.8, 124.0, 46.2, 45.5, 44.3, 36.4, 32.4, 26.4, 25.7, 24.4, 24.3,
17.6; IR (neat KBr) cm-1: 2962, 2919, 2854, 1740, 1674, 1455, 1379, 1117, 1073, 836;
HRMS (ESI-POS) calc for C13H22O [M + Na]+ 217.1572, found 217.1567.

O

2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4-(4-methyl-pent-3-enyl)-cyclopentanone
Ketone 3.15 (0.793 g, 3.79 mmol) was weighed into a flame dried 100 mL round-bottom
flask. THF (40.0 mL) was then added and the solution cooled to 0° C. LiHMDS (5.0mL,
1.0M THF, 4.9 mmol) was added to the solution and the mixture stirred for 30 min at 0°
C. 3,3-Dimethylallylbromide (0.50 mL, 4.2 mmol) was added and the resulting reaction
mixture stirred at 0° C for 30 min and then the reaction warmed to room temperature
overnight. The reaction was quenched with 20 mL of sat. NH4Cl. The aqueous layer was
extracted with 2x20 mL Et2O. The combined organic layers were washed with 25 mL of
dH2O and brine. The organic layer was dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified through a silica column with 19:1 hexanes:ethyl
acetate as the eluant. The product was isolated in a 19% yield along with 13% of the
recovered ketone and 35% of the dialkylated material. 1H NMR (CDCl3/ 300 MHz): 5.12
(t, J= 7 Hz, 1 H), 5.03 (t, J= 7 Hz, 1 H), 2.39-2.23 (m, 3 H), 2.13-2.04 (m, 2 H), 2.03-1.92
(m, 3 H), 1.91-1.79 (m, 2 H), 1.78-1.72 (m, 2 H), 1.70 (s, 3 H), 1.68 (s, 3 H), 1.62 (s, 6
H), 1.30-1.16 (m, 3 H), 1.08 (s, 3 H), 0.92 (s, 3 H); 13C (CDCl3/ 75 MHz): 224.2, 133.2,
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131.6, 124.3, 121.2, 55.1, 45.2, 43.5, 36.4, 35.1, 26.3, 25.7, 25.7, 24.8, 23.9, 17.8, 17.6;
(neat KBr) cm-1: 2964, 2916, 2855, 1738, 1673, 1454, 1378, 1088, 1066, 855, 826;
HRMS (ESI-POS) calc for C18H30O [M + Na]+ 285.2195, found 285.2198.

dialkylated product: 1H NMR (CDCl3/ 300 MHz): 5.14 and 5.07 (two overlapping t, J= 7
Hz, J= 7 Hz, 2 H), 4.90 (t, J= 8 Hz, 1 H), 2.25 (dd, J= 14 Hz, J= 6 Hz, 2 H), 2.17-1.92 (m,
8 H), 1.89 (dd, J= 13 Hz, J= 7 Hz, 2 H), 1.71 (s, 3 H), 1.66 (s, 6 H), 1.63 (s, 3 H), 1.59 (s,
3. H), 1.44 (t, J= 12 Hz, 2 H), 1.38-1.25 (m, 2 H), 1.03 (s, 3 H), 0.90 (s, 3 H); 13C NMR
(CDCl3/ 75 MHz): 226.2, 133.9, 133.3, 131.7, 127.9, 124.5, 120.9, 120.1, 56.5, 44.8,
41.7, 38.3, 33.4, 31.7, 29.8, 29.4, 26.6, 26.1, 25.9, 25.8, 24.8, 24.6, 17.8, 17.7; (neat KBr)
cm-1: 2963, 2927, 2863, 2726, 1732, 1672, 1453, 1377, 1359, 1110, 1025, , 998, 986,
948, 840; HRMS (ESI-POS) calc for C23H38O [M + Na]+ 353.2821, found 353.2813.

OMe

2-Methoxy-3,3-dimethyl-1-(3-methyl-but-2-enyl)-5-(4-methyl-pent-3-enyl)cyclopentene 3.16
The alkylated ketone (0.167 g , 0.61 mmol) was weighed into a flame dried 25 mL roundbottom flask and 6.0 mL of anhydrous MeOH added along with 1.4 mL (12.2 mmol) of
trimethyl orthoformate. TsOH·H2O (0.012 g, 0.06 mmol) was weighed out and added to
the solution. The reaction was refluxed between 65-70° C for 2 h and then cooled to
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room temperature. The reaction was quenched with 10 mL of sat. NaHCO3 and 10 mL of
ether was added. The aqueous layer was extracted with 2x10 mL ether, and then the
combined organic layers washed with 20 mL of dH2O and brine. The organic layer was
dried over MgSO4 and filtered into a 100 mL round-bottom flask. To this solution was
added (0.55 mL, 3.7 mmol) of Et3N and the reaction stirred at room temp for 2-3 h. The
reaction was worked up by quenching it with dH2O, extracting the aqueous mixture with
ether, and then washing the organic layer with dH2O and brine. The organic layer was
dried over MgSO4 and concentrated in vacuo. Column chromatography through silica
gel with 19:1 hexanes/ethyl acetate as eluant led to a 29% yield of enol ether as a light
yellow mixture. The yield was calculated from the recovered starting material. The enol
ether was isolated as a 1:1.3 ratio of the enol ether and the ketal. This mixture was used
directly in the electrolysis reaction.

OMe

Et4NOTs, 2,6-lutidine
20% MeOH in CH2Cl2
RVC/C 2.1F 5mA

MeO

OMe

MeO

OMe

+

minor

The enol ether 3.16 and ketal mixture (equivalents calculated for the amount of enol ether
in the mixture: 0.0337 g, 0.122 mmol) was weighed into a flame-dried three-neck 25 mL
round-bottom flask. CH2Cl2 (3.8 mL), MeOH (0.93 mL), and 2,6-lutidine (0.13 mL, 0.73
mmol) were added to the flask containing the enol ether. Oven dried Et4NOTs (0.149 g,
0.46 mmol) was weighed out and transferred into the reaction flask. The flask was
equipped with a RVC anode and carbon rod cathode. The reaction was run at 5 mA until
2.1 Faradays of current were passed through the cell. To the solution was added 5 mL of
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dH2O. The aqueous layer was extracted with 2x5 mL Et2O. The combined organic
layers were washed with 10 mL of dH2O and brine and then dried over MgSO4 and
concentrated in vacuo. In the crude NMR, the starting ketal and a small amount of enol
ether was present along with the conjugated exocyclic enone and a minor amount of the
endocyclic enone. Due to the small quantity of material, the crude mixture was not
further purified. The impure crude material is tentatively assigned by 1H NMR (CDCl3/
300 MHz): 6.30 (dd, J= 12 Hz, J= 2 Hz, 0.3 H, olefin of exocyclic elimination product),
5.94 (d with fine coupling, J= 12 Hz, 0.3 H, olefin of exocyclic elimination product), 5.76
(d, J= 17 Hz, 0.2 H), 5.55 (d, J= 17 Hz, 0.2 H), 5.30 (s, 0.16 H), 5.22 (t with fine
coupling, J= 7 Hz, 1 H, olefin proton of the ketal starting material), 5.08 ( t with fine
coupling and overlapping material, J= 7 Hz, 1.7 H, main peak assigned as the olefin
proton of the ketal starting material), 3.68 (s, 0.7 H, Me peak of the enol ether starting
material), 3.36 (s, 0.5 H), 3.34 (s, 0.9 H, ketal Me of the exocyclic elimination product),
3.32 (d or 2 s at similar chemical shifts, J= 2 Hz, 0.8 H), 3.28 (s, 3 H, starting material
ketal Me), 3.19 (s, 0.5 H), 3.11 (s, 3 H, starting material ketal peak), 3.05 (s, 0.8 H, ketal
Me of the exocyclic elimination product), 2.86 (d, J= 7 Hz, assigned as the methylene
protons between the olefins of the endocyclic elimination product), 2.73 (s, 0.2 H), 2.492.39 (m, 0.8 H), 2.29-2.18 (m, 1.5 H), 2.04-1.90 (m, 4 H), 1.80 (d, J= 8 Hz, 3 H), 1.68 (s,
11 H), 1.61 (d with overlapping peaks, J= 3 Hz, 15 H), 1.58 (s, 4 H), 1.46 (dd, J= 12 Hz,
J= 6 Hz, 2 H), 1.31 (d, J= 3 Hz, 1.6 H), 1.18 (d or 2 s with similar chemical shift, J= 4
Hz, 2 H), 1.11 (s, 4 H), 1.09 (s, 1 H), 1.07 (s, 1 H), 1.06 (s, 0.6 H), 1.04 (s, 1 H), 1.00 (s,
3 H), 0.87 (s, 1 H), 0.84 (s, 0.3 H) (2,6-lutidine present).
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2,2-Dimethyl-4-pent-3-enyl-cyclopentanone
The hydrogenation of the acetylene can also be done on the product from alkylation of
the carbon alpha to the ketone without affecting the double bond on the alpha side chain.
Ketone 3.13 (0.205 g, 1.14 mmol) was weighed into a flame dried 25 mL pear-bottom
flask containing activated 4Å-molecular sieves and 5.5 mL of anhydrous methanol.
Lindlar’s catalyst (0.0227 g, 5% Pd/CaCO3 with Pb poison) was weighed into a separate
flame dried 50 mL round-bottom flask along with 10.0 mL of anhydrous methanol. Both
flasks were sonicated for 10 min. Hydrogen gas was used to saturate the catalyst solution
for 5 min. The alkyne solution was then cannulated into the catalyst solution and a
hydrogen balloon placed in the flask. The balloon was refreshed with H2 after several
hours and the solution was stirred overnight. The solution was gravity filtered and 30 mL
of methanol was used to wash the solid. The solution was concentrated and the yellow
oil with some palladium solid was purified by column chromatography using silica gel
and 9:1 hexanes/ethyl acetate eluant. The faint yellow oil product was isolated in a 8095% yield. 1H NMR (CDCl3/ 300 MHz): 5.53-5.32 (m, 2 H), 2.52 (ddd, J= 18 Hz, J= 7
Hz, J= 2 Hz, 1 H), 2.27-2.14 (m, 1 H), 2.09 (q, J= 7 Hz, 2 H), 2.00 (ddd, J= 12 Hz, J= 6
Hz, J= 2 Hz, 1 H), 1.85, (dd, J= 18 Hz, J= 11 Hz, 1 H), 1.62 (d, with fine coupling, J= 7
Hz, 3 H), 1.49 (q, J= 8 Hz, 2 H), 1.37 (t, J= 12 Hz, 1 H), 1.08 (s, 3 H), 1.02 (s, 3 H); 13C
(CDCl3/ 75MHz): 223.2, 130.0, 124.3, 46.2, 45.5, 44.3, 36.0, 32.4, 25.2, 24.4, 24.3,
12.74=; (neat KBr) cm-1: 3013, 2960, 2921, 2864, 1740, 1657, 1456, 1404, 1380, 1365,
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1122, 1089, 709, 696; HRMS (ESI-POS) calc for C12H20O [M + Na]+ 203.1412, found
203.1410.

O

2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4-pent-3-enyl-cyclopentanone 3.19
Best formed by reducing an alkyne to form the cis-double bond after the alkylation
reaction to place the sidechain alpha to the ketone. The reduction procedure on 3.18 was
the same as the one reported for the unalkylated compound. The crude product was
purified by a silica column with a 9:1 hexanes:ethyl acetate solvent system as eluant. The
product was isolated in a 81-95% yield. 1H NMR (CDCl3/ 300 MHz): 5.53-5.33 (m, 2 H),
5.04 (t with fine coupling, J= 7 Hz, 1 H), 2.40-2.24 (m, 3 H), 2.20-1.95 (m, 5 H), 1.931.81 (m, 2 H), 1.81-1.71 (m, 2 H), 1.68 (s, 3 H), 1.64 (s with fine coupling, 1 H), 1.62 (s,
3 H), 1.35-1.18 (m, 3 H), 1.08 (s, 3 H), 0.92 (s, 3 H); 13C (CDCl3/ 75 MHz): 224.1, 133.2,
130.2, 124.1, 121.2, 55.1, 45.2, 43.5, 36.5, 34.8, 26.4, 25.8, 24.8, 24.6, 23.9, 17.8, 12.7;
IR (neat KBr) cm-1: 3013, 2962, 2918, 2856, 1738, 1673, 1657, 1454, 1379, 1235, 1066,
970, 850, 705; HRMS (ESI-POS) calc for C17H28O [M + Na]+ 271.2038, found 271.2032.

Dialkylated product (isolated with a small amount of inseparable trans isomer)- 1H NMR
(CDCl3/ 300 MHz): 5.55-5.53 (m, 2 H), 5.06 (t, J= 7 Hz, 1 H), 4.95-4.85 (m, 1 H), 2.24
(dd, J= 15 Hz, J= 6 Hz, 1 H), 2.17-1.93 (m, 6 H, 1.93-1.80 (m, 2 H), 1.66 (s, 7 H), 1.63
(s, 1 H), 1.61 (s, 1 H), 1.59-1.53 (m, 4 H), 1.54 (s, 3 H), 1.43 (q, J= 12 Hz, 2 H, slight
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overlap with the neighboring m), 1.37-1.21 (m, 1 H) 1.02 (s with fine coupling from
overlap of the trans isomer, 3 H), 0.89 (s with fine coupling from overlap of the trans
isomer, 3 H).

13

C (CDCl3/ 75 MHz): 226.2, 133.9, 133.3, 131.2, 130.4, 125.0, 124.0,

120.8, 120.0, 56.4, 44.8, 41.7, 41.5, 38.4, 38.1, 33.4, 31.7, 31.0, 29.5, 26.0, 25.9, 25.4,
24.7, 24.5, 17.7; IR (neat KBr) cm-1: 2963, 2928, 2863, 2727, 1732, 1693, 1672, 1455
(b), 1378, 1358, 1110, 1025, 966, 847, 707; HRMS (ESI-POS) calc for C22H36O [M +
H]+ 317.2845, found 317.2852.
OMe

2-Methoxy-3,3-dimethyl-1-(3-methyl-but-2-enyl)-5-pent-3-enyl-cyclopentene 3.20
Ketone 3.19 (0.123 g, 0.50 mmol) was weighed into a flame dried 10 mL round-bottom
flask. To this flask was added 5.2 mL of anhydrous MeOH and 1.0 mL (9.9 mmol) of
trimethyl orthoformate. TsOH·H2O (0.013 g, 0.05 mmol) was weighed out and added to
the solution. The reaction was refluxed between 65-70° C for 2 h and then cooled to
room temperature. The reaction was quenched with 10 mL of sat. NaHCO3 and to this
mixture 15 mL of ether was added. The aqueous layer was extracted with 2x10 mL ether,
and the combined organic layers were washed with 10 mL of dH2O and brine. The
organic layer was dried over MgSO4 and filtered into a 100 mL round-bottom flask. To
this solution, 0.50 mL (3.0 mmol) of Et3N was added and the reaction was stirred at room
temperature overnight. The reaction was quenched with 25 mL of dH2O, the aqueous
layer extracted with 2x15 mL ether, and the organic layer washed with 25 mL of dH2O
and brine. The organic layer was dried over MgSO4 and concentrated in vacuo. The
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crude ratio of the mixture of enol and ketal products was 2.25 enol ether to 3.6 ketal. The
products were purified by column chromatography through silica gel using a 19:1
hexanes/ethyl acetate solvent system as eluant. The product was a light yellow oil
comprised of a 1:1.6 ratio of the enol ether to ketal product. The enol ether was formed in
a 14% yield. In addition, about one quarter of the starting material was recovered. This
mixture was used directly in the electrolysis reaction.

The enol ether 3.20 and ketal mixture (equivalents calculated from the amount of enol
ether in the mixture: 0.0184 g, 0.070 mmol) was weighed into a flame-dried three-neck
25 mL round-bottom flask. CH2Cl2 (2.6 mL), MeOH (0.56 mL), and 2,6-lutidine (0.15
mL- 6 equivalents were desired, actually used 18, 1.3 mmol) were added to the flask.
Oven dried Et4NOTs (0.828 g, 0.26 mmol) was weighed out and transferred into the
reaction flask. The flask was equipped with a RVC anode and carbon rod cathode. The
reaction was run at 5 mA until 2.2 Faradays of current were passed through the cell. To
the solution was added 5 mL of dH2O. The aqueous layer was extracted with 2x5 mL
Et2O. The combined organic layers were washed with 5 mL of dH2O and brine, dried
over MgSO4, and concentrated in vacuo. In the proton NMR of the crude reaction, the
starting ketal and a small amount of enol ether was present along with the conjugated
exocyclic enone and a small amount of the endocyclic enone. The crude material was
purified by column chromatography using silica gel and 19:1 hexanes/EtOAc as the
eluant. The starting ketal was isolated along with the conjugated exocyclic enone and a
small amount of the endocyclic enone which was isolated with unidentified material. Due
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to the scale of the reaction, not enough material was isolated to be completely purified
and fully characterized. The impure isolated material is tentatively assigned by 1H NMR
(CDCl3/ 300 MHz):
Exocyclic elimination in ketal form (as a mixture with ketal starting material): peaks
assigned to the exocyclic elimination product- 6.31 (d, J= 12 Hz, 0.3 H, a proton of the
conjugated olefin of the eliminated product), 5.94 (d, J= 12 Hz, 0.3 H, proton of the
conjugated olefin of the eliminated product), 3.34 (s, 1 H, ketal Me of the eliminated
product), 3.05 (s, 1 H, ketal Me of the eliminated product); peaks assigned to the ketal
starting material- 5.22 (t, J= 8 Hz, 1 H), 3.26 (s, 3 H, ketal Me), 3.11 (s, 3 H, ketal Me);
peaks unidentified to which structure- 5.49-5.28 (m, 2.4 H, cis double bond protons), 3.68
(s, 0.14 H, Me of enol ether starting material), 2.69-2.58 (m, 0.5 H), 2.30-2.16 (m, 1 H),
2.08-1.86 (m, 4.5 H), 1.81 (d, J= 8 Hz, 2 H), 1.68 (s, 5 H), 1.61 (s, 6 H), 1.58 (s, 1.5 H),
1.48 (dd, J= 12 Hz, J= 6 Hz, 1.5 H), 1.22 (dd overlapped with neighboring s, J= 16 Hz, J=
5 Hz, 2 H), 1.18 (s, 1.5 H), 1.11 (s, 3 H), 1.00 (s, 3 H), 0.86 (s, 1.3 H).

Endoocyclic elimination (as a mixture in the ketal form): peaks assigned to the
endoocyclic elimination product based on loss of stereochemistry and similar peaks to
previous eliminated oxidation products- 3.31 (s overlapping with neighboring group, 2 H,
ketal Me of the eliminated product), 3.04 (d or s overlapping with a neighboring group,
J= 7 Hz, 1 H, ketal Me of the eliminated product), 2.87 (d, J= 6 Hz, 2 H), 2.45 (t, J= 7
Hz, 2 H), 2.37 (s, 2 H), 2.31-2.16 (m, 2 H), 1.67 (d, J= 8 Hz, 8 H, allylic Me of the cis
olefin overlapping with other components), 1.61 (s, 5 H), 1.08 (s, 6 H, gem-Me
overlapping due to loss of stereochemistry); peaks unidentified- 5.54-5.28 (m, 3 H), 5.27-
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5.08 (m, 0.5 H), 5.00 (s with fine coupling, 1 H), 3.26 (s, 1 H), 3.11 (s, 0.8 H), 2.09-1.96
(m, 2 H), 1.92 (s, 0.8 H), 1.39-1.24 (m, 6 H), 1.20-1.10 (m overlapping with neighboring
gem-Me peak, 3 H), 1.00 (s, 1 H), 0.93-0.81 (m, 5 H).

120

O
Br
Br

Figure 3.3: 1H NMR (CDCl3, 300 MHz) of isolated 2,2-Dibromo-5,5-dimethylcyclopentanone
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Figure 3.4: 1H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-4-pent-3-ynyl-cyclopentanone
3.13
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Figure 3.5: 13C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-4-pent-3-ynyl-cyclopentanone
3.13
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Figure 3.6: 1H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-5-(2-methyl-allyl)-4-pent-3ynyl-cyclopentanone 3.10
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Figure 3.7: 13C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-5-(2-methyl-allyl)-4-pent-3ynyl-cyclopentanone 3.10
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Figure 3.8: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 5,5-Dimethyl-2,2-bis-(2methyl-allyl)-3-pent-3-ynyl-cyclopentanone.
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Figure 3.9: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2-Methoxy-3,3-dimethyl1-(2-methyl-allyl)-5-pent-3-ynyl-cyclopentene 3.11.
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Figure 3.10: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 5,5-Dimethyl-2-(2methyl-allyl)-3-pent-3-ynyl-cyclopent-2-enone.
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Figure 3.11: 1H NMR (CDCl3, 600 MHz) of 2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4pent-3-ynyl-cyclopentanone 3.18.
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Figure 3.12: 13C NMR (CDCl3, 125 MHz) of 2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4pent-3-ynyl-cyclopentanone 3.18
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Figure 3.13: 1H NMR (CDCl3, 300 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2-enyl)3-pent-3-ynyl-cyclopentanone.
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Figure 3.14: 13C NMR (CDCl3, 75 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2-enyl)3-pent-3-ynyl-cyclopentanone.
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Figure 3.15: 1H NMR (CDCl3, 300 MHz) of 2-Methoxy-3,3-dimethyl-1-(3-methyl-but-2enyl)-5-pent-3-ynyl-cyclopentene 3.14
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Figure 3.16: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2,2-Dimethoxy-1,1dimethyl-3-(3-methyl-but-2-enylidene)-4-pent-3-ynyl-cyclopentane .
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Figure 3.17: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 5,5-Dimethyl-2-(3methyl-but-2-enyl)-3-pent-3-ynyl-cyclopent-2-enone.
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Figure 3.18: 1H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-4-(4-methyl-pent-3-enyl)cyclopentanone 3.15.
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Figure 3.19: 13C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-4-(4-methyl-pent-3-enyl)cyclopentanone 3.15.
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Figure 3.20: 1H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4-(4methyl-pent-3-enyl)-cyclopentanone.
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Figure 3.21: 13C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4-(4methyl-pent-3-enyl)-cyclopentanone (NMR had to be scanned in and lost resolution).
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Figure 3.22: 1H NMR (CDCl3, 300 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2-enyl)3-(4-methyl-pent-3-enyl)-cyclopentanone.
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Figure 3.23: 13C NMR (CDCl3, 75 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2-enyl)3-(4-methyl-pent-3-enyl)-cyclopentanone.
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Figure 3.24: 1H NMR (CDCl3, 300 MHz) of the tentatively assigned crude electrolysis of
3.16 reaction product mixture (2,6-lutidine present).
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Figure 3.25: 1H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-4-pent-3-enyl-cyclopentanone.
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Figure 3.26: 13C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-4-pent-3-enyl-cyclopentanone
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Figure 3.27: 1H NMR (CDCl3, 300 MHz) of 2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4pent-3-enyl-cyclopentanone 3.19
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Figure 3.28: 13C NMR (CDCl3, 75 MHz) of 2,2-Dimethyl-5-(3-methyl-but-2-enyl)-4pent-3-enyl-cyclopentanone 3.19.
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Figure 3.29: 1H NMR (CDCl3, 300 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2-enyl)3-pent-3-enyl-cyclopentanone (with a small amount of trans isomer).
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Figure 3.30: 13C (CDCl3, 75 MHz) of 5,5-Dimethyl-2,2-bis-(3-methyl-but-2-enyl)-3-pent3-enyl-cyclopentanone (with a small amount of trans isomer).
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Figure 3.31: 1H NMR (CDCl3, 300 MHz) of tentatively assigned 2,2-Dimethoxy-1,1dimethyl-3-(3-methyl-but-2-enylidene)-4-pent-3-enyl-cyclopentane as a mixture with the
starting material ketal.
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Figure 3.32: 1H NMR (CDCl3, 300 MHz) of the impure material tentatively assigned as
5,5-Dimethyl-2-(3-methyl-but-2-enyl)-3-pent-3-enyl-cyclopent-2-enone (minor
component in the ketal form).
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Chapter 4: Solar power as an alternate energy source
Overview
Electrochemistry has the potential to be a green technique because of its intrinsic
ability to change the oxidation states of molecules without the use of a stoichiometric
chemical reagent. Traditional methods often use metals to achieve redox reactions. This
metal is typically used either in stoichiometric or excessive amounts. There are examples
of redox reactions being carried out using a catalytic reagent; however, such reactions
typically require a second co-oxidant or co-reductant that is used in a stoichiometric
amount. This leads to a waste stream containing potentially toxic materials that must be
properly treated as hazardous waste. Electrochemistry eliminates this need by either
carrying out the redox reaction directly or by serving as a reagentless means for
regenerating a catalytic redox mediator. However, electrochemistry has its own
drawbacks: power usage and electrolytes. The electrolyte salts form the double layer at
the electrode surface and allow for current to flow through the cell by decreasing
resistance to the formation of charged species at the electrodes. There are now methods
that either remove the need for electrolyte or make the electrolyte easy to recycle. These
methods include flow cells, microflow chambers, solid polymer-supported electrolytes,
ionic fluids as both the solvent and electrolyte, and solid-supported bases for in situ
generation of electrolytes from the solvent.1 The use of such alternatives for the
electrolyte maximizes the green potential of electrochemistry in regards to decreasing the
amount of additives used in a reaction.
The use of a non-renewable energy source to power an electrochemical reaction
nullifies the sustainable potential of electrochemistry. Producing the electricity from a
nuclear or fossil fuel power plant is not a sustainable option to decrease the hazard of the
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chemical reaction. A renewable energy source such as solar power would make the
electrochemical reaction less hazardous, while producing less waste and decreasing the
cost of running the reaction.
The exploitation of solar energy to produce a photochemical reaction was
considered a better alternative to man-made harsh reaction conditions by Giacomo
Ciamician2 at the end of the 19th century. He set out to determine which reactions either
required, or could be aided, by solar light. These efforts formed the basis for many of the
photochemical reactions known today. The use of light in chemistry is normally thought
of in the context of photochemistry.3 The energy of the photon is absorbed by a molecule
thereby promoting an electron to a higher energy level. This absorption of energy can
change the effective polarity of a functional group and promote reactions such as the
[2+2]-photochemical cycloaddition. The energy can be absorbed by a pi-system within
the molecule being photolyzed such as an aromatic ring or ketone. The "excited"
functional group then initiates a chemical reaction. Direct absorptions of this type are
often limited to molecules containing conjugated pi-systems. Typical reactions range
from cycloadditions like the one mentioned above to fragmentation reactions that can
lead to cationic polymerizations.4 For a reaction in which the substrates do not contain a
group that will absorb light, molecules that contain chromophores and are capable of
transferring their excited state energy to the substrate are used as additives. These
additives can be photomediators in which the molecule has the chromophore5 or
photosensitizers such as TiO2.6 The semiconductor TiO2 has proven useful because the
band gap irradiation allows the particles to undergo redox reactions with organic and
inorganic substrates. This property of TiO2 has found use in the degradation of organic
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waste and remediation of pollution.7 In all these reactions, it was essential to have a
chromophore for absorbing the light in the reaction solution itself.
The use of solar energy in an electrochemical reaction simply provides a different
power source for conducting existing electrolyses. Everything else about the
electrochemical reaction stays the same. In this manner, electrochemistry allows for a
desired reaction to be conducted with sunlight even without the use of a chromophore
within the reaction. Since electrochemistry can be used to make a wide variety of
chemical reagents, as well as to conduct direct electron-transfer reactions, the potential
scope of the reactions conducted in this manner is much greater than that of traditional
photochemical processes. For this reason, the use of sunlight to drive electrochemical
reactions can potentially impact the development of sustainable chemical reactions in a
large way. We hope to provide an initial demonstration of how electrochemistry can be
used to bridge the gap between the environmental advantages of using sunlight as the
energy source for chemical reactions and the need for synthetic chemistry to conduct a
host of different chemical reactions on a large variety of substrate structures.

Portable Solar Panel
Our departmental NMR facility director, Dr. André D’Avignon, owns a portable
solar panel and was kind enough to allow us to use it. With this solar panel, we have
begun to probe the utility of sunlight-driven electrochemical reactions. Prior to this
work, the use of a 6V lantern battery8 was explored as a power source for electrochemical
reactions. This work demonstrated that the specialized equipment used in the Moeller
group to optimize electrochemical reactions is not necessary for synthetic chemists
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desiring to use olefin coupling reactions in their research. While the reactions were
successful, the lantern battery had the disadvantage of needing to be recharged. The
success of these reactions using a crudely controlled potential drop across the cell bode
well for the use of the solar panel. Like the battery, a solar panel would apply a
“constant” potential drop across the electrochemical cell without the level of control
normally associated with more sophisticated equipment.
The solar panel used in the experiments is a Briefcase Solar Generator TPS-936M
model from Topray Solar (picture of the reaction setup in Figure 4.1). The primary use
Figure 4.1: Picture of the solar panel electrolysis setup for the portable solar panel as
described by the manufacturer is
charging cell phones, small
electronics and batteries. For our
reactions, the solar panel was
incorporated into an
electrochemical circuit as shown
in schematic form in Figure 4.2.
The solar panel has two leads. The cathodic lead was connected to a multimeter that
measured the amount of current passing through the circuit. From the multimeter, the
lead was initially attached to a variable resistor to tune the current. This proved
problematic because the current generated by the solar panel was large enough to
overwhelm the resistor (catastrophically for the resistor). In time, we omitted the resistor
and tuned the current by simply covering some of the solar panels. The lead from the
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resistor was then connected to the cathode of the electrolysis reaction. The anode was
connected to the second lead of the solar panel in order to complete the circuit.
The panel has the ability to
Figure 4.2: Schematic of the solar panel
setup

apply a 20 V drop in potential

Solar panel

across a circuit. The amount of
power passed through the circuit
was measured in a variety of
Arrows indicate
flow of electrons

multimeter
C rod
cathode

RVC/ C rod
anode

Variable resistor
(optional)

conditions to determine how much
current the solar panel produced
compared to the current of 5-30
mA typically passed through the

Reaction flask

reactions performed in our lab. It
was found that the current output of the solar panel could be as much as 1.2 A in full
sunshine. The amount of current that could be passed through an electrochemical cell
depended on the electrolyte used. In general, the use of tetraethylammonium tosylate
allowed the reaction to run at a 50-65% of the total current possible for the solar panel if
the electrolyte concentration was on the order of 0.1-0.5 M; lower concentrations resulted
in high resistance and lower current flow through the cell. When lithium perchlorate was
used, the resistance of the cell was much higher and the current passed through the cell
was at most 25% of the current possible from the solar panel.
The reactions were run by first tuning the current of the circuit without the
reaction flask attached. As mentioned above, this was done by adjusting the area of the
solar panel exposed to the sunlight. The leads were then attached to the electrodes of the
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reaction. Because the resistance of the cell impedes current flow, the current dropped
when the reaction was connected to the circuit. This value was monitored within the first
few minutes of the reaction. When the current settled to a constant value, the value was
recorded. The time required for the reaction to pass the necessary amount of Faradays
was calculated from this current value.

Concerns about using the solar panel
The reactions chosen from the anodic coupling reactions previously studied were
selected to represent a variety of different reaction types. Since the currents used for the
solar panel reactions were often higher than those typically used, we worried that the use
of the solar panel would have an adverse effect of its ability to conduct synthetically
desirable reactions. The higher currents were forced because the time of the experiments
was limited. One can not simply run a sunlight-driven reaction overnight to maintain a
low current density while increasing the scale of product generated. Instead, a largerscale reaction means more current because one must complete the reaction during the
same time-frame. One can attempt to maintain current density with the higher currents
by increasing the size of the electrodes used, but such changes can lead to other effects in
an electrolysis cell that would not allow a direct comparison of the results to that of the
standard electrolysis setup.
With these things in mind, we wished to show that carbon-carbon bond forming
reactions would run well with a higher current density. Carbon-carbon bond formation
was a concern because increasing the current density had the potential to increase the rate
in which the radical cation underwent a second oxidation relative to the cyclization. This

156

is important because carbon-carbon bond formation in anodic olefin coupling reactions
has been shown to be a "radical-type" process.9 A fast second oxidation to generate a dication could lead to all kinds of changes in the reaction. Carbon-heteroatom bond
formation in the reactions might not have a similar problem since they are primarily
cationic type processes. Would such a difference arise?
In addition to potentially changing the nature of the intermediate in the reactions,
we also had concerns that the higher current density would lead to polymerization of the
radical cation intermediates or over-oxidation of the products from a cyclization before
they diffused away from the anode. A higher current density in an electrolysis reaction
can also mean a higher potential at the surface of the working electrode, especially at low
substrate concentrations. This can alter the chemoselectivity of an electrolysis. Would we
see evidence of this?
In order to control reaction time and get a baseline for using the solar panel, a
plant lamp was used to initially study the reactions. With the use of the lamp, we could
set a current value up to 90 mA, and hold that value constant (no clouds). In this way, the
higher density could be examined in a systematic manner. It also afforded us an
opportunity to see how variability in the power source due to using sunlight would affect
the chemical processes being driven.

Reactions using the solar panel
As a starting point, it made sense to reproduce electrochemical olefin coupling
reactions already studied and optimized in our lab. This would provide us with a good
baseline for examining the ability of the reactions to withstand variable currents and
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higher current density at the anode. After examining the use of the solar panel for these
reactions, other types of electrochemical reactions will be studied to show if the
conclusions reached with the olefin coupling reactions are general.
The anodic generation of carbon-carbon bonds was examined. For this
experiment, a bis-enol ether substrate 4.1 was selected, primarily for the ease with which
the substrate can be made. Initially, the plant lamp was used to optimize the conditions
needed. The solvent system used for the reaction was a 10% MeOH/MeCN system used
in the initial paper reporting the reactions.10 The only change in the initial reaction is that
we did not employ the Pt-gauze anode used in the initial work, instead using an RVC
anode. We have moved away from such electrodes since they are not generally available.
The reaction proceeded cleanly but was plagued by very high resistance in the cell. The
current initially was set at 90 mA, but as the reaction proceeded over the first few
minutes the current flowing through the reaction dropped to 3 mA. With this rate of
current, the reaction would have required almost 17 hours to reach completion. The
reaction was stopped at 7.5 hours and worked up. The NMR of the crude material was
very clean, showing starting material and product, and conversion to product was
between 40-50% by integration. A reason for the high resistance in the cell was noted
when the cathode was removed from the reaction. It was coated with a white substance.
With the very high cell resistance, it was decided to try Et4NOTs as an electrolyte for the
system.
Using Et4NOTs dropped to resistance of the cell to a great extent. Starting at 88
mA, the current only dropped to 68 mA during the reaction. This enabled the reaction to
be completed in a suitable time frame. An NMR of the crude reaction material did show
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Scheme 4.1: Electrolysis of a bis-enol ether substrate to form a C-C bond
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0.1M LiClO4
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solar panel
plant lamp
86 -> 67 mA 61%
sunlight
110-120 -> 91 mA 62%

OMe

OMe
OMe

OMe

a problem with using the Et4NOTs electrolyte. The reaction was much messier than the
previous attempt. Hence, a different method for increasing current with the use of the
lithium perchlorate electrolyte was needed. To overcome this problem, it was decided to
increase the concentration of methanol in the reaction. There were two reasons behind
this change. First, the methanol might better solvate whatever was depositing on the
cathode, and second, methanol is reduced at the cathode. Without this half-reaction, the
overall electrolysis will stop, so increasing the substrate for the cathode might overcome
difficulties with the reduction half of the reaction. With this in mind, a change to a 30%
MeOH in MeCN solvent system was made. The initial current was set at 86 mA and only
dropped to 67 mA when the reaction cell was connected to the circuit. The reaction
proceeded very cleanly by TLC, and upon purification a 61% of the product was isolated.
This yield compared very well to the 65% yield reported previously.10 The solar panel
setup was then taken outside. The initial current oscillated between 110-120 mA. Once
attached to the reaction cell, the current jumped between 88 and 94 mA, but averaged 91
mA. The reaction again was very clean by TLC and a 62% yield of the product was
isolated. Clearly, carbon-carbon bond formation was not affected by the higher and more
variable current density at the anode.
Another olefin coupling reaction using a toluene sulfonamide anion trapping
group for the radical cation of vinyl sulfide 4.2 was tested.11 Once again, the reaction
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was selected because it is know to proceed in excellent yield. It was also selected
because it uses much harsher conditions than the previous electrolysis because of the
need to generate the nitrogen anion. Using the reaction conditions previously optimized
with a standard electrolysis setup, the reaction was repeated using the solar panel and a
plant lamp as the light source. The current was initially set at 80 mA which dropped to
Scheme 4.2: Electrolysis using an amine trapping group to form a
carbon-heteroatom bond

NHTs
4.2

0.1M Et4NOTs,
SMe 0.5 equiv LiOMe, MeOH
RVC anode/Pt cathode
solar panel

SMe

N

OMe

Ts

55 mA during the reaction. The NMR of the crude material was very clean, only
showing product and electrolyte. A 67% yield of the product was isolated. Transferring
the setup outside to a more variable current, 83 mA dropping to 56 mA, led to a reaction
that afforded a 55% yield of the product. As in the earlier reaction, the NMR of the crude
reaction product appeared very clean. The reaction was monitored each time by TLC and
stopped when the starting material spot was extremely faint, though in each case no
starting material was isolated. The yield was lower than the 90% obtained for the
optimized electrolysis, but the only material in the NMR of the crude material was
product. Hence, we believe the lower yield is due to isolation issues. The electrolysis
reaction was run on an approximately 50 mg scale. The electrolysis was clearly going
very well using the solar panel. Due to time constraints, repeating the reaction to increase
the isolated yield was not done. Given the cleanliness of the crude product, there is little
doubt the reaction can be optimized further and Alison Redden is undertaking this task.

160

Another good test case for using the solar panel involved the formation of a Cglycoside by the anodic coupling of an enol ether to an alcohol nucleophile (Scheme
4.3).12 These reactions proceed in high yield and extensive experience with the substrates
is currently present in the group. With this in mind, an electrolysis reaction was setup
using substrate 4.3. The conditions for the electrolysis were kept identical to those
developed previously by Guoxi Xu in the group, with the exception of the solar panel.
The current for the solar panel was adjusted to 90 mA using the plant lamp. Once the
Scheme 4.3: Electrolysis to form a C-glycoside derviative
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electrodes were connected, the current flow through the cell fell to 21 mA. The reaction
was continued until 2.6 F of charge had been passed through the cell. The reaction was
very clean and resulted in the diasteromeric mixture of the desired product 4.4 along with
a ketone byproduct 4.5 resulting from a hydride shift to the radical cation from the carbon
bearing the hydroxyl nucleophile. This byproduct was minimal using a standard
electrochemical reaction setup, but was present to a larger extent using the solar panel.
Due to volatility, the cyclized product did prove difficult to isolate so the yield of
the reaction was determined by integration of an NMR of the crude reaction material
compared with that of coumarin added as an internal standard. Because the use of
LiClO4 as the electrolyte resulted in an optimized reaction, a water workup and extraction
with CH2Cl2 was required for the reaction. Therefore, the reaction was worked-up and
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the crude reaction mixture concentrated to approximately 2 mL before the coumarin
(approximately 1 equiv) was added and the NMR spectrum taken. The experiment
showed that the product was formed in about a 65% yield as a 1:1.5 mixture of
diastereomers. About 30% of the byproduct 4.5 was generated. Those were the only
products visible in the NMR. The reaction using a traditional electrolysis setup had
afforded an 85% isolated yield of the desired cyclic product. Hence, it was clear that the
reaction ran a very similar fashion to the reaction run on the traditional setup. The
reaction went very cleanly and the electron-transfer reaction (the electrochemical part)
proceeded in high yield. However, the chemoselectivity of the radical cation reaction was
altered a bit. This is not entirely surprising since changes in current density will alter the
double layer surrounding the electrode surface and hence the overall reaction medium
surrounding the radical cation.
The anodic oxidation of amides was also examined using the solar panel.13 These
reactions were a more difficult test than the earlier olefin coupling type reactions. The
oxidation potential of an amide substrate is high; much closer to both the methanol
solvent used for the reactions and the product generated. Hence, high current densities
run the risk of causing poor current efficiencies due to background solvent oxidation and
low yields due to over-oxidation of the product.
With this in mind, we initially investigated the anodic oxidation of a t-Boc Nprotected proline methyl ester 4.6. The methoxylation of the amide was carried out on
the solar panel using the plant lamp. The reaction itself was conducted using the same
procedure developed for the standard electrolysis reaction.14 With an electrolyte
concentration of 0.03M used in the literature case, the solar panel was tuned to have an

162

initial current of 35 mA, which dropped to10 mA as the reaction ran. The reaction
afforded a 78% isolated yield of the methoxylated amide. This yield was essentially the
same as the 81% yield obtained using the traditional electrolysis setup. When the panel
was tuned to 90 mA, the current flowing through the reaction was still only 14 mA.
Scheme 4.4: Amide oxidation of tBoc-protected L-proline methyl ester
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N
O
tBoc
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90-> 14 mA 0.03 M electrolyte 81%
90-> 55 mA 0.1-0.5 M trace, mostly s.m.

N
O
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Clearly, cell resistance was defining how much current was being passed through the cell.
As expected from the current flowing through the cell, using these conditions led to a
reaction that was nearly identical to the first case.
These first two reactions were run using a Pt wire cathode and 0.03 M electrolyte.
In order to increase the flow of current through the cell, the electrolyte concentration was
increased to 0.3 M and 0.5 M. Using these conditions, the current dropped from the
initial 90 mA to 55 mA. The effect on the electrolysis was dramatic. With the higher
current, only a trace amount of product was isolated along with the recovered starting
material. Changing the electrodes to RVC/C did not change the results of the electrolysis
using higher electrolyte concentrations. The difference was attributed to the high
oxidation potential of the proline amide and the background oxidation of methanol. With
the increased current density at the electrode, the potential at the electrode surface will
climb if not enough substrate is present to take up the current. Even a slight increase in
the potential at the anode surface will lead to methanol oxidation,15 a situation that ruins
the current efficiency of a reaction.
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In order to probe this idea, a substrate having a lower oxidation potential was
examined. In this case, the N-Boc protected pyrrolidine 4.7 was chosen. Removing the
electron-withdrawing ester from the five-membered ring is known to drop the oxidation
potential of an amide to a point where methanol oxidation does not interfere.15 Using this
substrate, it was found that the reaction could be run with the higher current density and
still produce the methoxylated product 4.8. Initially, the reaction was run using the plant
lamp with a Et4NOTs electrolyte concentration of 0.03 M. The reaction produced a 41%
Scheme 4.5: Amide oxidation of tBoc-pyrrolidine
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yield of product, but the resistance in the cell was extremely high. Therefore the
concentration of electrolyte was raised to 0.3 M. The reaction was run outside in the
sunlight with the current dropping from a value 80 mA to either 53 or 50 mA once the
cell was connected to the circuit. The yields of methoxylated product for the two
reactions were 58% and 45% respectively. For comparison, the literature yield for the
reaction was 70% (run on a much larger scale with a current of 0.2 A and a different type
of electrode).16 The NMR of the isolated products peaks matched literature chemical
shifts, but integration of the spectrum was problematic. For example, integration of the
signal arising from the proton on the hemiaminal carbon of the product was too low.
Since most of the product's NMR signals overlap with proton signals from the starting
material, it was thought that this integration issue reflected a mixture of product with
some starting material. The starting material and product could not be separated by
chromatography.
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In an attempt to increase the yield of the reaction by decreasing the current
density and improving the current efficiency of the process, the oxidation was repeated
using two RVC anodes connected with a copper wire. The experiment was conducted
using the plant lamp. In this experiment, the current dropped from an initial value of 91
mA to 65 mA when the electrolysis cell was connected to the circuit. The reaction led to
a 52% yield of isolated material. Once again, integration of the NMR obtained for the
crude product suggested the presence of starting material in the product.
An attempt to fully convert the starting material to product by passing 3.0 F of
current through the reaction resulted in a crude product having NMR spectrum that
integrated better. However, there was still a significant amount of starting material
present along with overoxidized material. The presence of this overoxidation product
suggested that the electrode potential was high since the product of methoxylation 4.8 has
an oxidation potential near that of starting amide 4.7. Clearly, the potential of the anode
was high enough to not completely differentiate between these potentials. The ratio of
product to starting material could be improved by chromatographing the product through
silica gel using a 1:1 mixture of ether to hexanes. However, the isolated material was still
a 3:1 mixture of product to starting material. From the NMR integration, an approximate
41% yield of the methoxylated product could be calculated for this reaction. An attempt
to improve the reaction by dropping the current did not help. When the reaction was run
with an initial current of 20 mA, the current dropped to 15.5 mA when the cell was
connected. This current was passed through the cell until 3.0 F passed through the
reaction, and the product chromatographed using the optimized 1:1 ether/hexane
conditions. As in the earlier run, a 40% yield of product was isolated as a 3:1 mixture of
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product and starting material. There was again some evidence of overoxidation. To
conclude, the boc-pyrrolidine had a lower oxidation potential than the boc-proline.
Accordingly, the substrate did undergo oxidation even when higher currents were used.
However, control of the electrochemical reaction using the solar panel was not sufficient
to avoid overoxidation issues that are minor when a more sophisticated power source is
used.
With the success and observations of these reactions, we decided to turn our
attention to a still more challenging case. Anodic coupling reactions have been used to
illustrate Curtin-Hammett control of electron-transfer reactions. In one case currently
under study by Alison Redden in the group, a bis-enol ether (4.9) coupling reaction is
being conducted in the presence of a more readily oxidized dithiane group.17 The
dithiane is oxidized first but then undergoes an electron-transfer reaction oxidizing one of
the enol ethers and triggering the cyclization. Would the use of a solar panel allow for
Scheme 4.6: Illustration of Curtin-Hammett control electrolysis reaction.
Determining chemoselectivity of the reaction using the solar panel.
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this type of selectivity? Running outside in highly variable sunlight (initially at 98 mA,
dropping to 52-75 mA during the reaction), the reaction required twice the normal current
passed (4F) before the majority of starting material was consumed (as evidenced by
TLC). Analysis of the crude reaction product by NMR showed that the mixture
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contained the same four compounds (three products and recovered starting material) seen
in reactions using the more traditional electrolysis setup (Scheme 4.6). However, in this
case a larger amount of overoxidized product 4.11 was obtained. In this product, both the
cyclization and oxidative cleavage of the dithioketal had occurred.
Repeating the reaction in more steady sunlight (a less cloudy day) produced an
initial current of 85 mA. The current dropped to 62 mA when then reaction cell was
connected to the circuit. Once again, all four molecules were seen on the crude TLC.
Preliminary results indicated that the amount of recovered starting material was similar to
that seen in the optimized reaction developed by Alison Redden, though again oxidative
cleavage of the starting material 4.12 and overoxidized cyclized product 4.11 was in a
larger ratio. Alison Redden will continue the work with these types of substrates to
determine what the best conditions are for optimizing the reaction on the solar panel.
From this work, it is clear that the electron-transfer step of the reaction is the same
as the oxidation using our traditional setup. However, as in the earlier C-glycoside case it
appears that the changes in reaction conditions influence the chemoselectivity of the
reaction. In this case, the selectivity window of starting material vs. product oxidation is
smaller (the dithiane is what oxidizes) and hence overoxidation at high current densities
can be anticipated. It is also important to note that Alison has shown that she can alter
the product generated in the reaction by manipulating the double layer surrounding the
anode. This occurs because one of the reactions is intramolecular and independent of the
amount of methanol present and the second is intermolecular and dependent on methanol
concentration. Hence, the amount of methanol in the double layer has a large influence on
the reaction, and one can easily see how changes in the nature of the reaction conditions
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can alter chemoselectivity. This case has shown that reactions requiring high selectivity
will be difficult to optimize on the solar panel because the control of the subsequent
reactions is altered by the higher current densities at the anode.
The solar panel works great for accomplishing the electron-transfer, but does not
allow for as much control over the overall reaction conditions. Of course, in the long run
this may not matter for all reactions. The mechanism of these reactions was a direct
electron transfer from the substrate to the electrode. Other types of reactions are
mediated by a chemical reagent. In these reactions, the higher current density associated
with the solar panels should not alter the preparative experiment. For more sensitive
reactions, the solar panel can be used to generate energy that is then stored and utilized at
a later date to run the more sophisticated electrochemical equipment. Alternatively, the
solar panel may be used to run the more sophisticated equipment directly. However,
those studies lie outside the scope of the current thesis.

Conclusion:
In conclusion, the use of a solar panel as an alternate energy source for olefin
coupling reactions enables the electron-transfer reactions to occur nicely but does not
afford as great a level of control over the subsequent reactions. No evidence of substrate
polymerization at the higher current density was seen, but rather overoxidation and
changes in reaction chemoselectivity were observed. In addition, for amide oxidations
where the oxidation potential of the substrate approaches that of the solvent, the loss of
selectivity due to higher current densities led to lower current efficiencies.
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It is important to note, that the reactions did successfully demonstrate that
sunlight can be used to drive chemical reactions having no internal chromophore. In the
current example, each case studied involved a direct electron-transfer reaction and
subsequent reaction of the reactive intermediate generated in the region surrounding the
electrode. This will not be the case for many of the reactions one would like to adapt to
the reaction setup. For most generally useful oxidation and reduction based
transformations, chemical reagents are desirable because of the selectivity they impart to
the reactions. Electrochemistry can be used to regenerate the reagent. Such reactions do
not involve a direct electrolysis of a substrate but rather utilize the chemical reagent as a
mediator. The oxidation or reduction of the substrate does not necessarily happen at the
electrode surface (only regeneration of the mediator). For such reactions, changes in
double layer and the solution in the area of the electrode are not so important. For
example, we run mediated reactions on polymer coated electrodes where the substrate has
no chance to approach the electrode.18 Similar to these cases, little difference is expected
between the solar panel driven reagent mediated reactions and the more traditional setup,
because the bulk solution away from the electrodes will not be altered by changes in
current density at the electrode surface. The electron-transfer reactions will happen in the
same manner and the preparative reaction will occur in a remote location. Unfortunately,
work to test this prediction needs to be left for the future.
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Experimental

Solar Panel Setup
The solar panel is a Briefcase Solar Generator TPS-936M model from Topray
Solar. It was found that under the fluorescent lighting in the lab, 25-50 mA of current
could be produced. A plant lamp from Philips (120W agro-lite) was setup on the lab
bench to be used while testing the setup. The highest output of current from this plant
lamp was 90 mA, though the current flow could easily be manipulated by the distance or
direction the lamp was aimed. The current flow from the plant lamp is generally steady,
oscillating within 1mA of the average current. When taken outside, it was found that the
panel exceeded the necessary energy output. In direct light on a cloudy February day, the
output oscillated between 300 and 700 mA. On a clear or partly cloudy February day, it
was measured at 500-1000 mA. On a bright sunny March or April day, 900-1200 mA
could be produced. To control the current to a manageable level, a variable resistor was
inserted into the circuit before the reaction cell. Even a 1000 ohm resistor could quickly
burn out with the output on a sunny day. To have a more convenient and less costly way
to tune the current, a piece of cardboard was placed over portions of the panel to set a
more reasonable initial current in the range of 90-120 mA. In general, the initial amount
of current flowing through the panel before attaching to the reaction cell was tuned to 90120 mA outdoors and 80-90 mA indoors with the pant lamp. Depending on the
resistance of the cell when the reaction was added to the circuit, the current could be as
high as 65% of the current flowing through the panel alone. The time calculated for the
reaction was using the average amount of current flowing through the reaction when the
reaction cell was connected to the circuit; not using the amount flowing through the panel
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alone. The reactions were run under argon in a three-neck round bottom flask containing
a magnetic stirbar and equipped with the electrodes held by thermometer adaptors. The
1

H NMRs of the reactions matched the literature and are included (though may contain

water or hexanes).

Reactions

OMe
OMe
4.1

RVC/C
0.1M LiClO4
30% MeOH/MeCN
solar panel
plant lamp
86 -> 67 mA 61%
sunlight
110-120 -> 91 mA 62%

OMe

OMe
OMe

OMe

1,2-Bis-dimethoxymethyl-cyclohexane
The bis-enol ether substrate was synthesized according to the literature.10 The
electrolysis followed typical conditions currently being employed in the group and not
those used in the literature. The bis-enol ether substrate (0.092 g, 0.54 mmol) was
weighed into a flame dried three-neck 25 mL round-bottom flask. Anhydrous MeOH
(3.2 mL), MeCN (8.0 mL), and 2,6-lutidine (0.36 mL, 3.2 mmol) were added to the flask.
LiClO4 (0.1340 g, 0.1M) was weighed out and added to the reaction solution. The flask
was equipped with an RVC anode and a C-rod cathode. Using the plant lamp, an initial
current of 86 mA dropped to 66.5 mA when the reaction cell was added to the circuit.
The reaction was run until 2.1F of current had passed. To the reaction mixture, 10 mL of
Et2O and dH2O were added and separated. The aqueous layer was extracted with 10 mL
of Et2O. The combined organic layers were dried over MgSO4, filtered, and concentrated
in vacuo. The crude oil was purified by column chromatography using 1% Et3N and a
9:1 pentane/Et2O solvent system. The starting material was recovered in a 5% yield with
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a 61% isolated yield of product. The reaction was repeated using sunlight to produce the
current. In this case, the current dropped to an average of 91 mA from an oscillating
initial current of 110-120 mA when the electrolysis cell was connected to the circuit.
Workup and purification was conducted in the same manner. The product was isolated in
a 62% yield. In both cases, the spectral data of the product matched the literature.

NHTs

0.1M Et4NOTs,
SMe 0.5 equiv LiOMe, MeOH
RVC anode/Pt cathode
solar panel

4.2

SMe

N

OMe

Ts

2-(Methoxy-methylsulfanyl-methyl)-1-(toluene-4-sulfonyl)-pyrrolidine
The p-toluenesulfonamide was coupled to a vinyl sulfide using the procedure optimized
previously.11 With an initial current of 80 mA dropping to 55 mA with the reaction cell,
the time required for the reaction was 16 mins (2.1F). From this reaction, a 67% yield
was isolated using the plant lamp as the light source. In more variable sunlight
conditions, the current started at 83 mA and averaged 54 mA. The reaction produced a
55% isolated yield of product even though a proton NMR of the crude reaction mixture
showed clean product. The reaction was monitored by TLC and stopped when the
starting material spot was extremely faint, though in each case no starting material was
isolated after silica gel column chromatography. Purification was different than that of
the literature, in this case using a gradient solvent system: 9:1 hexs/EtOAc to 4:1
hexs/EtOAc to EtOAc.
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MeO

OMe

LiClO4, 2,6-lutidine
MeOH, RVC/Pt
solar panel-plant lamp
2.6 F, 26 mins

MeO

MeO

OMe

OMe

OMe

OMe
MeO
OH
4.3

90mA -> 21mA
>95% conversion
OMe using an int std

MeO

O
MeO

OMe

4.4

O H
4.5

OMe

2-Dimethoxymethyl-3,4-dimethoxy-5-methoxymethyl-tetrahydro-furan 4.4
The anodic oxidation of 4.3 was run according to the procedure optimized previously.12
The reaction was run several times using sunlight and the plant lamp with very clean
conversion, but the isolated yields after purification were low due to volatility of the
product. With this in mind, the yield of the product was calculated by NMR integration
of the crude reaction mixture relative to coumarin as an internal standard. This was done
by treating the crude reaction with water and CH2Cl2 and then separating the layers. The
organic layer was then concentrated in vacuo to approximately 2 mL in volume so as to
not lose the product to volatility. One equivalent of coumarin was then added and the
crude NMR taken. The result showed a mixture of 4.4 (1:1.5 mix of diastereomers) and a
byproduct 4.5 resulting from a hydride shift to the radical cation forming. The products
were formed in 70% yield and 30% yield respectively with an overall conversion by of
>95%.
OMe
N
O
tBoc
4.6

Et4NOTs, MeOH
C anode/ Pt cathode
traditional setup 25 mA 81%

OMe
N

MeO

O
tBoc

solar panel , plant lamp
30-> 10 mA 0.03 M electrolyte, 78%
90-> 14 mA 0.03 M electrolyte 81%
90-> 55 mA 0.1-0.5 M trace, mostly s.m.

5-Methoxy-N-Boc-L-proline methyl ester
The oxidation of the methyl ester of N-boc-L-proline followed the procedure previously
optimized.14 The reaction used a 0.03M Et4NOTs in MeOH electrolyte solution with a
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substrate concentration of 0.5M. The electrodes used were a C-rod anode and a Pt-wire
cathode. Using the plant lamp as the light source, the initial current was measured at 35
mA which dropped to 10 mA when the reaction cell was attached to the circuit. After 22
hrs 6 mins (3.0F of current), the reaction was stopped. Solvent was removed in vacuo
and the crude material purified by column chromatography using 4:1 Et2O/hexs as eluant
to isolate 78% of the product. In attempt to shorten the reaction time, the reaction was
repeated with the current starting at 90 mA. The current dropped to 14 mA when the cell
was added. Changes to the reaction conditions were tried while the reaction was running.
To decrease the resistance, the cathode was changed from the Pt wire to a carbon rod
which increased the current being passed to 28 mA. After the reaction was about 50%
complete, more Et4NOTs was added to make the total electrolyte concentration 0.1M.
This increased the current to 30 mA. At the end of this reaction, the product was isolated
in an 81% yield. The oxidation was attempted again using an RVC anode, a Pt wire
cathode, and an electrolyte concentration of 0.3M. The reaction had an initial current of
80 mA which dropped to 44 mA with the addition of the reaction cell. After passing
2.1F, only a trace amount of product was isolated along with the recovered starting
material. Using 0.5M solution of electrolyte, again only a trace amount of product was
isolated. Switching to a C-rod cathode and 0.3M electrolyte solution again produced
only a small amount of product. In these cases, the solvent was being oxidized because
of the higher current densities. For this reason, the reaction requires low electrolyte
concentrations to increase the resistance of the cell and lower the potential at the anode.
In conclusion, to obtain a high yield of product low current densities and long reaction
times are necessary.
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OMe

0.3M Et4NOTs, MeOH
RVC anode/C cathode
N
4.7

OMe

OMe

+

N

solar panel
tBoc

4.8

N
tBoc

tBoc

2-Methoxy-N-Boc-pyrrolidine 4.8
The best result for the oxidation of N-bocpyrrolidine was obtained using the following
conditions. The amide (0.38 mL, 2.2 mmol) was weighed into a flame-dried three-neck
25 mL round-bottom flask. Anhydrous methanol (4.4 mL) was added. Et4NOTs (0.405g,
0.03M) was weighed out and added to the flask (0.3M electrolyte produced comparable
results at similar currents). The flask was equipped with an RVC anode and a C-rod
cathode. The electrolysis was run using the plant lamp at an initial current of 16 mA
dropping to 8 mA when the reaction was inserted into the circuit. After 16 hr 32 min (2.3
F of current), the reaction was stopped. To the crude mixture, 25 mL of Et2O was added.
The solution was filtered to remove the salt and concentrated in vacuo. The crude
mixture was purified by column chromatography using 4:1 Et2O/hexs as the eluant.
(Later reactions benefited from a 1:1 Et2O/hexs solvent system). Isolation resulted in
0.2576 g (41%) of material in a 3:1 ratio of product: starting material based on NMRsignal integration. The chemical shifts matched the literature values.16

S

S

S

0.5 M Et4NOTs, 2,6-lutidine
20% MeOH/CH2Cl2
RVC/C
solar panel
OMe

MeO

MeO

S

MeO

OMe

MeO

4.9

Over-oxidation
of the product 4.11

Expected product 4.10
MeO

OMe
OMe MeO

OMe MeO
Curtin-Hammett Studies by Alison Redden

OMe

OMe
OMe

MeO
Oxidative cleavage of the dithiane 4.12
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+ s.m.

The coupling reaction resulting from substrate 4.9 was run according to the procedure
previously optimized (unpublished results with Alison Redden). In the first attempt, the
sunlight was highly variable due to fast moving clouds on a very bright day. The current
initially was at 98 mA which dropped to a running current oscillating between 52 to 75
mA. At the end of the calculated time based on the average current to pass 4.2 F of
current, the reaction was stopped and the solvent removed in vacuo. The remaining
slurry was dissolved in Et2O, filtered and concentrated. The NMR of the crude material
showed the presence of all four compounds, but a large amount of overoxidized material
4.11. The reaction was conducted again in more steady sunlight. The current dropped to
62 mA from 85 mA and the reaction was stopped after 2.1F had passed though the cell.
Workup was completed as previously stated. The crude product was purified by column
chromatography using 9:1 hexs/EtOAc as eluant. The amount of recovered starting
material was similar to the amount isolated by Alison Redden, but the amount of cyclized
product 4.10 containing the dithiane was in a much smaller ratio. The amount of
oxidative cleavage of the starting material 4.12 and overoxidized cyclized material 4.11
was in much larger quantities than Alison isolated.
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Figure 4.3: 1H NMR (CDCl3, 300 MHz) of 1,2-Bis-dimethoxymethyl-cyclohexane
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2.288
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Figure 4.4: 1H NMR (CDCl3, 300 MHz) of 2-(Methoxy-methylsulfanyl-methyl)-1(toluene-4-sulfonyl)-pyrrolidine
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OMe
O
MeO

OMe

Figure 4.5: 1H NMR (CDCl3, 300 MHz) of 2-Dimethoxymethyl-3,4-dimethoxy-5methoxymethyl-tetrahydro-furan 4.4
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Figure 4.6: 1H NMR (CDCl3, 300 MHz) of 5-Methoxy-N-Boc-L-proline methyl ester
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Figure 4.7: 1H NMR (CDCl3, 300 MHz) of 2-Methoxy-N-Boc-pyrrolidine 4.8 as a 3:1
mixture with starting material 4.7.
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Chapter 5: Conclusions and Future Work
Tandem Oxidative Cyclization
The key questions for the tandem oxidative cyclization project were: would the
alkyne act as a relay in a tandem oxidative cyclization? what were the requirements for
the initiating and terminating olefins? and were a variety of ring skeletons possible with
this method? The tandem cyclization was envisioned as a fast, efficient route to make a
complex product in a one-pot reaction using mild conditions without the use of a
chemical oxidant.
The difficulty of the strategy was the synthesis of the starting material for the
electrolysis reaction. In the case of Brad’s substrate1 (Chapter 1), and the substrates
developed in my Kolbe and double Michael routes (Chapter 2), the intermediates were
unstable, hard to purify, and were being produced in small amounts. In Brad’s case, the
TBS enol ether used was stable to hydrolysis and the electrolysis reaction did show some
cyclization had occurred (Scheme 5.1). The yield of the cyclized product was not high,
possibly because of the impure nature of the reaction mixture. The six-membered ring
TMS enol ether substrates that I synthesized (Scheme 5.3) hydrolyzed to the ketone faster
than the siyl enol ether could be oxidized to the radical cation. Unfortunately, the TBS
enol ether could not be synthesized with the route I developed.
Because of the substrate synthesis issues, a new model system was designed and
synthesized (Scheme 5.4). The substrates in this case possessed gem-methyl substituents
alpha to the ketone used to make the enol ether needed for the oxidation. The gemmethyls were used to prevent regioisomers from forming during synthesis of the enol
ether. Stable methoxy enol ether electrolysis substrates could easily be made, purified,
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and produced in larger amounts (Chapter 4). Unfortunately, the presence of the gemmethyl substituents prevented the cyclization, apparently by sterically blocking the relay
groups from reaching the radical cation derived from the enol ether. The main products
generated from the attempted cyclizations were olefins derived from the elimination of a
proton alpha to the radical cation.
The four strategies tried (Scheme 5.1-5.4) forced us to the conclusion that the
tandem cyclization approach is not a generally useful strategy for constructing angularly
fused tricyclic ring skeletons. Simply put, the difficulties associated with building the
substrates are significant enough to limit the effectiveness of the overall approach. The
potential efficiency of the cyclization reaction itself is fully offset and therefore not a
shorter synthetic route to these types of ring systems.
As in any synthetic study, each reaction taught us something to use towards the
next reaction, even if it was a failure that was the teacher. There are a few possibilities
that are still in question such as: Would a TMS alkyne also prove to be too large for the
gem-methyl substrate? Would a terminal alkyne overcome the steric hindrance and still
act as a relay even though a primary, vinyl radical would be the intermediate? Was the
steric hindrance partially due to the ring being a five-membered ring and would a gemsubstituted six-membered ring not have the same interference leading to a successful
cyclization? Even though these are intriguing questions and will always nag as a
possibility, there will always be such possibilities. From experience, these “what if”
questions are the reason that the project continued to the point that I can now say the
oxidative tandem cyclization by anodic electrochemistry is not a general, synthetically
viable method.
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Scheme 5.1: Brad's substrate cyclized to a small extent, but was difficult to synthesize
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Scheme 5.2: The Kolbe electrolysis substrate was unstable and spontaneously decarboxylated
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Scheme 5.3: The double Michael reaction route resulted in hydrolysis
of the silyl enol ether
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Scheme 5:4: The electrolysis substrate with the gem-methyls resulted in elimination from the radical cation
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If the work were to be continued, then it would be best to test the tandem
cyclization with a known substrate. In other words, one could make the exact substrate
Sha used in his synthesis of Paniculatine and then expose it to the anodic oxidation
reaction (Scheme 5.5). This would allow for a direct comparison to be made between the
tandem radical cyclization and a tandem radical cation cyclization. Such a study would
answer the critical question of whether or not the oxidative tandem cyclization can work
well. However, even if the tandem cyclization reaction were to be successful, from a
synthetic standpoint, the overall strategy would still not be general.
Scheme 5.5: Paniculatine substrate in anodic oxidation cyclization
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A solar panel as an alternative energy source
The use of solar panel as the power supply for electrolysis reactions proved
compatible with several different anodic oxidation reactions. Carbon-carbon bond
forming reactions, heterocycle synthesis, and amide oxidations were all compatible with
use of the solar panel. The higher current density associated with use of the solar panel
did affect the chemoselectivity of the reactions and led to more overoxidation of the
products formed. The overoxidation issue was seen most clearly with the methoxylation
of N-bocpyrrolidine and a Curtin-Hammett controlled cyclization reaction. If the
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substrate’s oxidation potential is near that of the solvent, background oxidation of the
solvent can dominate and interfere with the current efficiency of the reaction. This was
seen during the oxidation of a proline derivative. In no case did the variable and higher
current density associated with the solar panel lead to substrate polymerization, our
largest concern at the beginning of the project.
The solar panel reactions were run using both a plant lamp and sunlight as the
source of energy. The difference in light source did not change the outcome of the
reactions. Sunlight did result in more variability of current and slightly lower yields than
the plant lamp. It is believed that this observation is due to the difficulty of calculating
how much current has passed through the cell using sunlight because of the oscillating
current. Cloud cover can be hard to predict.

Future Work
The results of the solar panel reactions are exciting and very promising. Sunlight
is an abundant resource, but is not utilized in chemistry to a great extent. Photochemistry
has a limited number of possible reactions, but in general, they are efficient and
economical.3 Electrochemistry has a wide variety of synthetic reactions that have been
developed and many have been used on the industrial scale reactions to produce bulk
chemicals.4 But the power usage is a major drawback of the technique. Electrochemical
reactions run using a solar panel as a power supply combine the best of the
photochemical and electrochemical methods. They utilize sunlight as an energy source to
avoid the complications associated with power consumption without requiring a
chromophore in the reaction and without being restricted by the limited scope of typical
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photochemical reactions. A wide variety of reactions can be run electrochemically either
without the use of a chemical redox agent or with the use of catalytic redox mediators. If
combined with solid phase electrolytes,5 the reactions have the potential to provide a very
clean method for conducting syntheses. This work is being continued in the group with a
focus both on synthetic methodology we have developed and the exploration of metal
mediated reactions. What follows are a few suggestions of reactions that might benefit
from such an approach.
A possible use of electrochemistry powered by the solar panel is the turnover of
metals such as Pd, Sc, Cr, and Ce. For example, we have recently demonstrated that
ceric ammonium nitrate oxidations can be run with catalytic cerium by recycling Ce(IV)
at an anode.6 We have also done related oxidations with Pd(II) as a catalytic oxidation.
Chromium(VI) oxidants are potentially interesting examples because the waste products
from oxidations using the metal are highly toxic, which limits its use as an effective
oxidant. However, CrO3 remains one of the best reagents for converting alcohols to
carboxylic acids. Can such a reaction be made catalytic with sunlight as the only energy
source?
The Wacker reaction7 transforming an olefin into a ketone is a classic example of
a stoichiometric chemical reaction that can be made catalytic using electrochemistry.
Our lab has used the reaction to develop site-selective chemistry on a microelectrode
array.8 A catalytic process was developed by Torii and coworkers using an organic amine
mediator to reoxidize Pd(0) to Pd(II) following the olefin oxidation.9 If this mediated
reaction could be done using a solar panel, then the oxidation could be driven using
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Anode

Scheme 5.6: Catalytic Wacker oxidation by electrochemistry
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sunlight as the only oxidant source. This is especially intriguing because alcohols can
also be oxidized to carbonyls using the same chemistry.10
Currently, we are in the very early stages of exploring this chemistry. We have looked
at the catalytic Wacker reaction and have gotten it to proceed, but only with 3-10
turnovers of the Pd catalyst before it precipitated from solution. The problem appears to
be the insolubility of the amine in the solution. The Torii paper did not report substrate
concentration, so I believe their conditions did dissolve the amine, but at different
concentrations than those that were tested. I believe with more work to discover reaction
conditions that dissolve the amine, this oxidation will afford the products with a much
higher turnover of the catalyst. From there, it should be relatively straight forward to
move the reaction to a solar panel.
Another reaction of interest involves the electrochemical removal of protecting
groups.11 It is planned to deprotect PMB-protected alcohols directly using
electrochemistry (Scheme 5.7). Preliminary results12 from the undergraduate student
working with me, Megan Fieser, showed that the deprotection can be achieved directly.
The next steps will be to see if the protecting group can be removed directly using the
Scheme 5.7: Deprotection of PMB alcohols by direct oxidation
OMe

OMe
Et4NOTS
1:7 H2O/MeCN
2.1F

+

OR

O

Preliminary results by Megan Fieser
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solar panel, and then if it can be removed with the use of a mediator. The use of a
mediator is extremely interesting both for work on microelectrode arrays, but also for
carrying out selective deprotection strategies. One can envision a variety of benzylic
protecting groups having different oxidation potentials. By varying the oxidation
potential of a mediator (a series of triarylamines for example13), the different protecting
groups could be selectively removed. The result would be a new set of orthogonal
protecting groups, all of which could be removed without the consumption of a chemical
reagent.
Another reaction of particular interest to me is the 1,4-addition of nucleophiles to
enones using Vit. B12. This method was developed by Scheffold.14 Much of my thesis
work involved the use of cuprate reagents for doing 1,4-additions. The chemistry proved
to be quite "finicky" so an alternative strategy would be very nice. The reaction
developed by Scheffold involves reducing the Co3+ to Co1+ at the cathode. This electron
rich metal center then reacts with electrophilic substrates such as alkyl or vinyl halides or
acyl derivatives to form a Co-R complex. The Co-R bond is then cleaved either by
reduction or thermal/photochemical excitation to a carbanion or alkyl radical that then
proceeds to do a 1,4-conjugative addition to the enone. When the Co-R complex is
Scheme 5.8: Vit B12 catalyzed conjugative 1,4-additions by Scheffold
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cleaved by reduction, the catalyst is regenerated. The net result is a Michael-type reaction
that uses catalytic metal. Scheffold has shown that this reaction works with a variety of
nucleophiles and enones. The reproduction of a few of the cases reported and then
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transferred to the solar panel would show that specific 1,4-additions can be completed
without the use of cuprates, with the use of catalytic nontoxic metal, and with a
renewable energy source.
C-H activation in organic synthesis is an area of interest that many advances have
been made recently.15 One method for C-H activation developed by Kakiuchi16 involves
the use of a transition-metal oxidative halogenation without chemical oxidants. They
chose this method because the halogenation of aromatic C-H bonds can be conducted
Scheme 5.9: C-H halogentation using electrochemistry by Kakiuchi
anode:
2 mol% PdCl2
DMF
N

cathode:
2M HCl
N

divided cell Pt/Pt
90 °C
20 mA

Example taken from Kakiuchi

Cl
quant.

using HCl or HBr as the halide source and enabled C-H halogenation without the need to
separate the byproducts or spent oxidant waste that would be present in the nonelectrochemical halogenation reaction. The requirements for the reaction consist only of
a N-containing aromatic compound that did not need to be activated, the aqueous halide
acid, and a catalytic amount of a Pd salt in organic solvent. Kakiuchi makes the specific
point that no other additives such as electrolytes are needed for the reaction indicating the
efficiency of the reaction. Using sunlight to power the electrolysis reaction would further
move this reaction towards a sustainable alternative.
In general, it is plausible that many of the current reactions conducted using
electrochemistry can be powered by sunlight. Future work would highlight some of these
reactions to show that electrochemistry is a tool available to every synthetic chemist and
that it can greatly enhance the overall efficiency of synthetic reactions.
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